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Preface 



The Taj Mahal, that dream of architectural loveliness, seems 
to our entranced vision far removed from such mundane things 
as the measurement of angles, the stresses and strains of building 
materials, and the chemistry of pigments. But is it not related 
to these matters as the harvest is to the seed ? Beethoven s Ninth 
Symphony, that last mighty dream of a stormy soul, or Vapres- 
midi, that more delicate dream of fragile beauty, seems to our 
transported ears to have no connection with such prosaic things 
as the compressibility of air, the reHection of sound waves by 
walls, or the mathematics of Fourier analysis. But there is a 
connection, -unrecognized and scorned though it be by many. 
We are usually unconscious of it during the emotional experience 
of listening to music. But whether or not we like to admit our 
dependence on such material things, there is no art capable of 
rearing high its magic towers of beauty without building them 
on the strong foimdation of the established and immutable laws 
of “the-nature-of-things,” or science. This is usually recognized 
in such an art as architecture, but frequently luirecognized in 
such an art as music. For example, an imdiscriminating writer 
has said, “The soul of the piano transcends all investigation.” 
Such a statement is patendy incorrect, since the soul is not in the 
piano but in the pianist—^and 1 hope it will there continue to 
transcend invesdgadon. That which is essendally imponderable 
cannot be weighed or analyzed very far. But it is quite possible 
to study the acdon of sound vtraves, the acdon of the piano, and 
the acdons of the muscles of the player, and draw certain con- 
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whatever is in his soul. And if the results of such investigations, 
based on facts instead of traditions alone, were in the hands of 
piano teachers, how much better chance would some struggling 
piano pupils have of eventually expressing whatever is in their 
souls worth saying. And what is true of the piano is true of other 
instruments. 

The musical mind has often not been an analytical mind. 
The composer, in the throes of creation, needs to grasp large 
outlines before they fade, and later weigh, criticize, and polish, 
after the heat of inspiration has passed. The performer, in the 
midst of an inspired rendition, has no time for analyzing what 
he is doing; the attempt to do so will frequently dispel all inspira¬ 
tion. And even the listener probably does not get the keenest 
enjoyment from those moments in which he listens analytically. 
Thus there seems to be a need for a book jor music students and 
musicians that will clarify some of the foundational matters of 
acoustics, and give to musicians in readable form the materials 
and the spirit for analysis of their problems of composition, per¬ 
formance, teaching, criticism, and appreciation. 

This book, therefore, is written from the musician’s stand¬ 
point, in the hope of answering the questions that music students 
and performers might ask. Many texts have appeared which 
show an indifference to musicianship, with all that that implies, 
and an ignorance of the vast and important domain of aesthetics. 
This text attempts to supply a need not supplied by these other 
books. However, although written from the musician’s stand¬ 
point, and with, I hope, a constant awareness of aesthetic factors 
too subtle and tenuous to be caught in the scientist’s sieve, it does 
eschew the typical pseudo-mystical misinformation that weakens 
so many texts written by musicians lacking either scientific train¬ 
ing or a true mysticism. It does not go far into the scientific 
realm, but it attempts to be correct, up-to-date, and truly scientific 

in spirit as far as it does go. 

Thus the book is an attempt to bridge two fields, and herein 
lies perhaps a weakness, but also whatever value it may have. 
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It should be readable and informative to a musician on the one 
hand, since it omits all except the most elementary mathematics, 
while explaining in simple language many of the phenomena 
with which he deals. On the other hand, it should be both in¬ 
formative and readable to a scientist, since it does not go into 
the niceties of tonal modification and instrumental technique, 
while at the same time it does make the tie-up between the 
physical principles of sound and their artistic flowering in the 
tone qualities perceived by the hearer from musical instruments. 

The book, however, is not a text on instruments per se. This 
need is provided for by texts designed especially for courses in 
instruments or orchestration. Thus the characteristics of the 
various instruments (except possibly the voice) are not treated 
exhaustively, one by one, in any one place, but frequently by 
groups, as they illustrate this or that acoustic principle. 

Similarly, various topics usually to be found in an orthodox 
book on sound are here touched very lightly, or even omitted 


entirely, as having no particular bearing on practical music. For 
example, there is no mention made of singing flames, or of 
Lissajous figures. Certain other topics are omitted because of 
their complexity and the unsettled state of the research done on 
them to date. Thus, for example, the anatomy of the ear is only 
suggested lightly, and the controversial subject of comparative 
hearing theories is omitted entirely. 

I have, however, claimed an author’s privilege in going into 
considerable detail on the subject of the voice, in its physical and 
physiological, and even somewhat into the pedagogical, aspects, 
since these have been the fields of research in which I have 
specialized. Furthermore, no other aspect of music is so greatly 
in need of clarification. If a conscientious interchange of opinion 
and sympathy could take place between the fields of acoustic 
science and voice teaching, and if the contempt so often felt by 
each group for the other could be alleviated, all would benefit. 
But what a great “if” this is, implying as it does a certain capacity 
for humilitv. 
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Throughout the text I have attempted to observe carefully the 
distinctions between physical and psychological terms. Occasion¬ 
ally, however, for one reason or another, this has been relaxed, 
and “loudness” may appear for “intensity” in places, “pitch” for 
“frequency,” and so on. 

Certain sections, either of less importance or of greater diffi¬ 
culty, have been set in smaller type, particularly in the discussion 
of the voice, and of harmony and scales. These sections may be 
omitted without destroying the continuity of the remainder. 

In the preparation of such a text as this, necessitating the 
study of many references, it is difficult to give credit to every 
source to which credit is due. Some authors are mentioned by 
name in the body of the text. Manifestly, others have necessarily 
been omitted therefrom in the interest of coherency of style, 
although these, and in fact most of the works consulted or quoted, 
together with certain other selected references, are listed in the 
bibliography. In particular I wish to express my indebtedness to 
Sir William Bragg’s delightful Uttle book. The World of Sound. 
upon which I have drawn heavily, especially in the introductory 
sections, and in such things as the use of a spring to illustrate 
air-column vibration. His method of presentation is so lucid 
that I fall back frequendy on his phraseology, unable to find a 
better way of stating the idea. 

For the use of Figure 40 and related material, I am indebted, 
as are all authors and students in this field, to the far-sighted 
research program of the Bell Laboratories, and to the growing 
significance of the Acoustical Society of America, now in its 
thirteenth year of existence. These two influences continue to 
bear most worth-while fruit in the rapid development of the new 

acoustics, formerly the step>-daughter of science. 

My thanks are also due to Mr. Louis Cheslock, Mr. Frederick 
Weaver, and Mr. Hayward Henderson for suggestions, criticisms, 
and corrections; to various others of my colleagues and students 
who have helped in one way or another in the preparation of 
the text and its illustrations; and to my wife, Elizabeth V. Bar- 



eight years ago, let alone travailed with and now completed, 
without the enthusiastic and inspiring encouragement, the active 
cooperation, and the kindly criticism of one man—Otto Ortmann. 


Baltimore, Maryland 


W.T.B. 
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Introduction 



As human beings, we are so accustomed to the phenomena 
of sound that it never occurs to us to inquire into their causes. 

What makes sound ? 

We live in a world of things—material objects—which we 
caimot help shaking or moving slightly when we touch them 
or when we move around. Our footsteps shake the floor a bit. 
If we drop a ruler on the table, both ruler and table are given 
a slight quivering movement, called vibration. Such motions 
are usually too small and too rapid to be seen, but they are never¬ 
theless present. 

In addition to living among these more obvious surroundings 
of material things, we live at the bottom of an ocean of air. As 
Sir William Bragg says in his book, The World of Sound, we 
are constantly stirring this air, since we cannot move anything, 
not even our bodies, without moving the air in contact with 
them. If we strike a table, not only does the table quiver, but 
the air in contact with it receives a quiver which, once started, 
travels through the air in all directions in a way somewhat 
similar to the way a disturbance on a water surface will travel 
away in all directions on the surface till it becomes weakened 
and dies away. 

Now, since we can hardly move without setting up a quiver¬ 
ing motion in bodies, and through them in the air itself, it is 
natural that man and other forms of life should have been 
provided with sensitive organs to detect these air tremors, in 
order to warn them of approaching danger, if for no other 
reason. These organs are our ears, and when they detect an air 
tremor, we say we hear a sound, and we know that somewhere 
or other a quiver was imparted to the air, probably by some 
material body. Different material bodies impart different types 
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of tremor to the air, and by recognizing these different types 
we know what kind of a body produced the tremor in the first 
place. Thus we easily distinguish between the sounds of a 
pistol, a streetcar, a violin, or a voice. We even distinguish 
between voices, and between various words spoken by a single 
voice, and between various emotional or physical conditions in 
a single voice as it pronounces a single word. And when we 
are deprived of this marvelous sense of hearing we are afflicted 
indeed, and feel ourselves isolated from our fellow men. 

These small quiverings or tremors in bodies or in the air we 
call vibration, which may be broadly defined as any form of 
to-and-fro movement. 

Sound is a sensation produced by vibration. More specifically, 
it is the sensation experienced when vibrating air particles touch 
our eardrums. Naturally, therefore, three things are needed to 
produce sounds: (i) an instrument to produce vibrations; (2) a 
medium (usually, though not necessarily, the air) which con¬ 
veys these vibrations away from the source to the receiver; and 
(3) a receiving instrument, the ear, which transforms these 
vibrations into a sensation called sound. However, the term 
sound is frequently not limited to the sensation heard, but is 
loosely extended to include the atmospheric quivering respon¬ 
sible for it, or even the vibration of the sounding body itself, 
whether there is anyone present to hear it or not. 

Acoustics (the word is from a Greek verb signifying “to 
hear”) is the science or physics of auditory vibrations ^that is, 
of those vibrations which can be heard by the human ear. It is 
therefore the study of the physical basis of music. Helndioltz, 
a German physician who became interested in the physiology 
of the eye and ear and in the whole field of sound; Koenig, a 
scientist and instrument maker in Paris; and Lord Rayleigh, an 
English mathematician and physicist, contributed much to the 
early modern development of acoustics in its musical aspects. 
Many other names need to be added to this list in more recent 


times. 


I 


Preliminary Survey of the Nature of 
Vibration, and Its Relationship 

to Music 



Elasticity and Momentum 

The principles which underlie all vibration, and therefore all 
sound, musical and otherwise, are: (i) the tendency of a body 
to return toward its rest position if it be displaced therefrom, 
and (2) its tendency to overshoot the rest position, becoming 
displaced in the other direction. Usually these are called elasticity 
and momentum. Thus, if a diving-board be pulled downward 
by someone below it, its inherent elasticity tends to pull it back 
upward toward its normal position of rest. If released, it will 
fly upward, and once in motion, its momentum carries it past 
the rest point, and causes it to be displaced above the rest point. 
Because of this, its elasticity again tends to restore it, and it bends 
downward again but again overshoots the rest point, and so on, 
so that it remains in a state of to-and-fro movement, or vibration, 
until frictional forces bring it finally to rest. Another illustra¬ 
tion is that of a swinging pendulum, where the restoring force is 
the force of gravity. The pendulum falls for the first half of 
each swing, but overshoots and climbs on the other half. 

In bodies which vibrate fast enough to produce soimd, the 
action is similar, although the actual motion is often too rapid, 
as well as too small, to be seen by the naked eye. For example, 
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the prongs of a sounding tuning fork may be moving back and 
forth only a thousandth of an inch, but very rapidly. Even 
though the movement is so small as to be practically invisible, if 
some tiny object suspended on a string be allowed to touch one 
prong, it will be bounced violently away, and if the fingers touch 
the prongs very lightly, the tickling sensation indicates that 
motion is present. 


Simple Harmonic Motion 

The simplest possible type of vibration which a body may 
h®ve is known as simple harmonic motion, abbreviated to S.H.M. 
It is approximately illustrated by a swinging pendulum. Insofar 
as the pendulum-bob departs from a straight-line motion (that 
is, swings in a curved arc), does it depart from true S.HJd. 
Sunple harmonic motion has been described by Miller,^ as fol¬ 
lows: “It takes place in a straight line; it is vibratory, moving 
to and fro; it is periodic, repeating its movements regularly; there 
are instants of rest at the two extremes of the movement; start¬ 
ing from rest at one extreme the movement quickens till it 

reaches its central point, after which it slackens in reverse order, 

T till it comes to rest at the other 

extreme.” To this should be 
' added the statement that the 

restoring force is always pro- 
jl portional to the displacement 

! --—fry 7 from the rest position. 

I A/in A / pendulum is set swing- 

I motion can be graphed 

/ / irf-rnrAt^A fnr the eve'i bv caus- 


Fig. 1—Recording of sine curve from pen- 6 ^ U* 

duior vibration. 3 surface movmg at right angles 

to the direction of vibration, as shown in Figure i, where the 
recording surface is moving to the left. 

1 MUltf, Dayton C., The Science of Musical Sounds, page 6. New York: The 
Macmilbn Company, 1916. 
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The result is a curve, regular and symmetrical, and this graph 
of S.HM. is called a sine curve. If some vibrating body should 
vibrate in S.H.M. at a rate rapid enough to produce soiuid, the 
result would be a simple or “pure” tone. Probably no instrument 
produces a tone that could be called absolutely pure (produced 
by an absolutely true S.H.M.), since, as we shall see, material 
bodies persist in vibrating in several ways at once. However, 
the following tones are quite near this ideal, and are therefore 
called simple or pure tones: tuning fork tones (especially when 
aided by a resonating box), falsetto “oo, and the tone produced 
by blowing against the edge of a bottle. 


Natural Period 

Every material body which can vibrate has a time of vibration 
most natural to it, dependent on such factors as its size, its weight, 
the elastic forces that it is under, and its distance from points of 
support. Thus, for example, the long pendulum of a large clock 
takes longer to complete a vibration than a short one in a small 
clock. This time is called the natural period, and is the length of 
time required to complete one to-and-fro movement. 

Frequency and Pitch 

Naturally, a body having a short natural period can complete 
a greater number of vibrations in a second of time than one with 
a long natural period. Thus bodies having short natural periods 
vibrate with higher frequencies, frequency being defined as the 
number of cycles per second, meaning the number of complete 
vibrations to-and-fro per second. Bodies vibrating very slowly 
do not produce the sensation of sound, but when their frequency 
reaches about 20 or more per second, we begin to hear a very 
low sound, and as the frequency continues to rise we hear sounds 
of higher and higher pitch, until finally at a point roughly 
around 20,000 vibrations per second we cease to hear sound. 
Such vibrations are literally producing tones too hi gh for us to 
hear, althou^ other forms of life may be able to hear them. 
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Some insects appear to employ frequencies even as high as or 
higher than 50,000 per second. “Violin A” is produced by a vi¬ 
bration occurring at the frequency of 440 per second, “Middle 
C” by a frequency of 261.6.“ 

Since the period is the time required for one complete vibra¬ 
tion, the period of the vibration producing Violin A is 1/440th of 
a second, that of Middle C approximately i/262nd of a second. 
In other words, the period is the reciprocal of the frequency. 

It is clear therefore that frequency and pitch are closely 
related. The first is a physical term, the second a psychological 
one. The E-string on a violin vibrates with a greater frequency 
than the G-string, producing a higher pitch in the mind of the 
hearer. The vocal cords of a soprano vibrate with greater fre¬ 
quency than those of a bass, producing a higher pitch. No 
matter in what way we produce vibrations, provided only that 
they are fairly regular, and that the number of them in a second 
of time is roughly between 20 and 20,000, the ear hears a tone, 
whose pitch depends on how many vibrations there are in a 

second. 

This fact—that pitch depends on frequency—may be made 
very evident by the simple experiment of passing the fingernail 
or the edge of a card across the teeth of a comb or the ridges 
in the cover of a book. If done slowly enough, each individual 
tooth or ridge may be heard. If done a little faster, a tone of 
low pitch wUl result. If the speed (and therefore the frequency) 
were exactly doubled, the pitch would rise precisely an octave. 
If flicked very quickly, a high-pitched squeak would result. 
Many other illustrations will suggest themselves; for example: 


2 It is of course understood that the frequency is a rale. Thus, if 220 
occur in a half-second, we shall hear the pitch of Violin A, but lasting only a half- 
second Violin A has not always been at this rate of frequency. In Pans at * 
r” .f mL;.. i. .. lo- .. .74 A. 0*4, ^ 

been at various points, sometimes as high as 500 and more. ° nitches” 

Sde it was arVund 4^2. At one rime secular music was played at 

4 ly h«h=r. «v„.l high.., ^ 


starts to rise again. 
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the effect of phonograph speed on pitch, or the rise m pitch o 
the hum of a siren or an electric fan when turned on, which is 
caused by the increasing frequency of the impulses given off to 
the air by the fan blades. If something moves 262 times a 
second, one wUl hear Middle C. Conversely, whenever one hears 
Middle C, unless it be one of the “subjective tones’ to be con¬ 
sidered later, it is quite certain that some material body some¬ 
where is vibrating about 262 times a second. The fundamental 
pitches produced by musical instruments lie mostly between 40 
and 4000 cycles in frequency, although, as we shall see later, the 
“overtones” may be above 4000, in fact up as high as the limit of 

audibility, around 20,000. 

Amplitude and Laudness 

It should be clear, furthermore, that the amplitude of vibra¬ 
tion (the dist^ce through which the body moves for each 
to-and-fro movement) is related in a similar way to the loudness. 
The first is again a physical fact, the second a psychological 
sensation. The wider a piano string is caused to move during 
its vibration (through a heavier blow by the hammer), the 
“louder” is its sound perceived in the mind of the hearer. The 
wider a clarinet reed is caused to vibrate, the louder its sounr 
will be. Many other illustrations will suggest themselves. 

Harmonic Series, Partials, Overtones 

If a long rope be stretched between two supports, and then 
slowly jiggled at one end, it can be made to swing up and down 
in the manner shown in Figure •2a. If the speed of jiggling be 
then doubled, it will take the form shown in 2b. An apparent 
point of rest will appear in the middle, and the string will appear 
to be divided into two vibrating parts, called segments. If the 
speed of jiggling be tripled, as in 2c, three segments will occur, 
with two points of rest. These points of rest are called nodes, 
and the moving portions loops. This process can be continued. 
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It indicates that bodies may vibrate as a whole, or in a certain 
number of parts, all of which vibrate at a faster' rate. In the 
case of a long rope the vibrations are all too slow to produce 
soxmd. However, the stretched strings of a violin, piano, or 
other stringed instrument can divide up in this same manner. 
And, as we shall see later, the air columns which form the 
vibrating members of all wind instruments divide up in a similar 

way to produce segments vi- 
(a) brating at higher frequencies. 

If a vibrating body, such as 
a stretched string, vibrates as 



a whole, in the tone 

it produces is called its funda¬ 


mental, or first partial. If it 
vibrates in two parts or seg¬ 
ments, as when a string player 
lightly touches the string at its 

fig. 2-vibration forms of a rope. midpoint, the vibrating length 

is only half as long as in the original, and thus it vibrates 
twice as fast. It is as if each half of the string were vibrat¬ 
ing by itself in S.H.M., and at twice the former frequency. 
The tone produced in this case is the octave, or second partial. 
If it vibrates in three segments, the vibrating length is only 
one third as long as in the original, and the frequency is there¬ 
fore tripled. The tone produced in this case is the perfect twelfth, 
and is called the third partial. If it vibrates in four segments, 
the double octave is produced. If in five, the tone two octaves 
and a major third above the original is produced, and so on. 
These partial tones make up a harmonic series, as it is called. 
The tones above the fundamental are sometimes called harmonic 
overtones, or harmonics. Naturally, however, since the funda¬ 
mental is called the first partial, the first overtone will be the 
second partial, the second overtone the third partial, and so on. 
The first sixteen partials of the harmonic series constructed 







THE NATURE OF VIBRATION 


on Cie (C two octaves below Middle C),® are as follows, although 
the harmonic series does not end with the sixteenth partial. 
Theoretically it may continue indefinitely, even beyond the limits 
of hearing, its members usually growing weaker and weaker, 
the higher they are. The tones in brackets are only approxunate 
in pitch, number 7, for example, lying between A40 and Bbso of 
the piano, and number ii lying between F57 and FJss: 



i 2 3 4 5 6 7 8 9 10 U 12 a 14 15 K •“ 

fig. 3 -—Harmonic series on C. 

Without changing the length of the tube, the player of such 
an instrument as the trombone, by changes of breath pressure 
and lip and tongue position alone, can produce seven or eight 
of the tones of a single harmonic series. And by changing the 
tube length he can vary the fundamental and thereby secure 
other harmonic series. Other instruments can produce even more 
than eight. In fact, number 16 of the series is possible on a 
French horn. 

The harmonic series gives us the ratios of the frequencies of 
the various intervals. The ratio of the octave is 1:2—in other 
words, the upper tone of an octave always doubles the frequency 
of the lower tone. Thus we see in Figure 3 that the five C’s are 
represented by the numbers 1-2-4-8-16, the G’s by the numbers 
3-6-12, the E’s by 5-10, and so on. Similarly, the ratio of the 
major third is 4:5, that of the major second 8:9, that of the major 


3 In accordance with standard acousdcal terminology, the tones of the piano keyboard 
arc indicated by their respective letter names followed by a subscript number indicating 
the number of the particular tone, counting upwards from the lowest A. Thus the 
lowest A would be Ai, Middle C would be written Caa, and the highest tone of the 
keybwd, Cm. This scheme has been used in this chapter, but it has not been found 
practical to maintain it throughout the remainder of the brok. 
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sixth 3:5, and so on. These matters will be considered in greater 
detail in Chapter 4. 

Complex Vibration 

Mills has given us the illustration of a canary swinging on its 
perch in a cage which is being swung back and forth by a man 
who is walking back and forth from one end to the other of 
a car in a shuttle train running back and forth between Times 
Square and Grand Central Station. Obviously, the motion of 
the bird is the complex resultant of at least four different motions. 
Although it is difficult to realize how it takes place, a sounding 
body inay also vibrate in two or more different forms at the 
same time. Thus, the single soundboard of the piano responds 
(vibrates) to two or more tones played simultaneously. A 
single phonograph needle can transmit from the record to the 
reproducing apparatus all the sounds of an orchestra at the same 
time. And for that matter, the mere fact that we hear many 
different tones at one time proves that our eardrums must be 
able to vibrate in many different ways at the same time. Pra<> 
tically every instrument used in music produces a tone which 
is the result of a complex vibration caused by a body vibratmg 
not simply in its fundamental form, but also, at the same time, 
in to two-segment form, to three-segment form, 

Simple harmonic motion is so rare m the 

as to be practically nonexistent. Because of thts fact-tha tedres 
may vibrate, and usually do vibrate, at the same ttme “ > 

and also in parts (complex vibration)-many or 

in the harmonic series belonging to a certam fundamenal may 

be made to sound simultaneously by settmg Ac body mt 

vibration. It is hard for us to irnagine how a 

for example, can vibrate simultaneously m a wWe 

mote or less interfering forms, produemg a 
“thoroughly mixed” harmonic partials. And yet careful a - 
ttonTits >ound will reveal the presence of one after the oto 
of these partials, particularly if the finger be placed at a pomt 
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on the wire which would be a node, or point of rest, for the tone 
being listened for. The fact that the upper partials are already 
present in the total complex tone is demonstrated by the fact 
that they may be elicited by placing the finger on a node ajter 
the string has been struck. The tone immediately “jumps” to 

the corresponding harmonic. 


If the key for the lowest tone of the series: 



depressed silendy on the piano and held down, and the fourth. 


fifth, and sixth partials, forming the triad: 



, be struck 


sharply and then released, these same three tones will be heard 
to sound from the low fundamental string, which has been 
made to subdivide through “sympathetic resonance so as to 
produce these tones as partials. As soon as the low C key is 
released, the chord ceases to sound. The experiment will not 
work if the key on either side of C is held down, since these 
tones wotild not correspond in frequency to the fxmdamental of 
the tones in the C major triad. 


Inharmonics 

Many vibrating bodies have upper partials whose frequencies 
are not an integer number (whole number) of times the fre¬ 
quency of the fundamental, and which therefore do not coincide 
with the partials of the harmonic series. For example, if an 
upper partial has a frequency greater than five times the funda¬ 
mental frequency but less than six times, it would fall somewhere 
between the fifth and sixth harmonic partials, and would be 
called an inharmonic partial, or inharmonic. These give a 
characteristic, more or less unmusical, quality to tones. A good 
example is the jarring, clanging tone when a cymbal is struck, 
or the initial higfr ringing sound when a tuning fork is struck 
by metal. These will be discussed in Chapter 3, section C. 
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Vibration Form and Tone Quality 

Tones produced by musical instruments vary in three ways. 
They may differ in pitch, in loudness, or in tone quality. We 
have already seen that pitch depends on frequency, and loudness 
on amplitude of vibration. Tone quality depends largely on the 
degree of complexity of the vibration. In other words, differ¬ 
ences in tone quality result from the number of partials present, 
and their relative intensities to each other. For example, a tone 
produced by a harmonic series with a strong fundamental and 
weak overtones will have a different quality than one produced 
by a weak fvmdamental with strong third and fourth partials, 
or any other of countless combinations. It is this attribute of 
tones that makes it possible to distinguish the sound of two 
different instruments, even though they are playing the same 
pitch at the same loudness. Generally speaking, an oboe tone 
contains a larger number of overtones than a violin tone, which 
itself contains a larger number than a flute. And what is more, 
the particular relationship of the relative strengths of the over¬ 
tones, in other words the vibration form, is fairly characteristic 

of various instruments. 

Since the possibilities for variation in the vibration form are 
practically infinite, especially when a large series of partials, 
harmonic and inharmonic, are available, the possibihties for 
various kinds of tone qualities are also infinite. Many possible 
tone qualities have not yet been used. New ones are being 
discovered through new instruments which synthesize tones by 
electrical means. Our present orchestral instruments, with the 
single exception of the flute, have not been subjected to the 
rigorous scientific development which Theobald Bohm expended 
on that instrument. Like Topsy, they just grew, our ability to 
perform on them running far ahead of our understanding of me 
physics or physiology of their operation. The composer of the 
present day and of the future, however, will have many more 
tone colors at his disposal than the composer of the past, although 
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it may take considerable time to outgrow prejudices based on 
“classical tradition.” 

It should be clear that the type of vibration of the funda¬ 
mental, or of any other single partial of a complex vibration, 
is simple harmonic motion. It is only when two or more simple 
forms exist together that we have complex vibration. An instruc¬ 
tive experiment may be performed with a set of ten or more 
tuning forks, mounted on resonator boxes, and comprising a 
fundamental tone and its harmonic partials. If the fundamental 
be sounded alone, a sweet but dull sound will result. Xhen if 
one after the other of the partials are added, the tone will become 
more and more full, rich, sonorous, and living. And yet the 
blending is so perfect that we do not realize there is more than 
one source sounding. If the forks are then silenced one by one 
from the highest downward, the tone becomes less rich and 
finally, when the fimdamental alone is left, the tone is again dull 
and uninteresting. Thus a pure tone is frequently a poor tone 
for the purposes of music, unless used in combination with other 
tones. We demand a certain amount of the “brightness” pro¬ 
duced by overtones. In the pipe organ, whose tones on the 
whole are deficient in upper partials, “mixture stops” are used, 
which for every key depressed will cause several pipes to sound, 
tuned to certain of the harmonic partials of the tone. The same 
effect is occasionally used by orchestral composers, who call for 
the doubling of melody tones, frequently by softer instruments, 
at such intervals as perfect twelfths, major tenths and seven¬ 
teenths, and so on, not primarily as chords per se, but for 
enric hin g the timbre of fundamentals. The familiar Bolero of 
Ravel is one example. 

All of this indicates that the upper partials, though difi&cult 
to “pick out” of a complex tone as partials, are nevertheless heard 
by the ear in the composite effect of the tone, and are the cause 
of the infinite number of possible variations in timbre. The 
more upper partials present, or the stronger they are, the more 
the tone quality becomes rich, brilliant, cutting, or even strident. 
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Such complex tones “cut through” an orchestral or choral mass 
better than simple tones. This is why an organist will add 
brighter stops if his choir is flatting. Complex tones with many 
strong overtones tend to be heard as higher. Sometimes 
musicians even make a mistake of an octave in judging their 
pitch. The tones produced by whistling (which are fairly pure) 
are often judged to be one or two octaves below their true pitch. 

A good illustratioii of the fact that tone quality depends on 
the number and the relative strengths of the overtones is to be 
found in the way that a piano soundboard can imitate different 
instruments. If the dampers be lifted, and a clarinet, for example, 
blown strongly toward the soundboard, the sympathetic resonance 
of the strings, resounding to whatever partials are present in the 
clarinet tone, wUl “re-echo” a sound which, though weaker, will 
be similar in color. A strongly sung “ah” or “ee” will return 
a similar vowel, in the same manner. Even a cough will cause 
a response, though the initial explosive part of the imitation is 

masked by the original sound. 

Tone quality differs not only among instruments, but v^ies 

also on any one instrument with changes in loudness and pitch, 
often changing markedly with changes of only two or three tones 
in pitch. Speaking generally, the louder the tone the more 
complex it is; and the lower the tone the more complex it is. In 
the lowest range of the piano, the tones are largely carried by 

the harmonics, the fundamental becoming very we^. 

Certain types of tone quality are sometimes described by 

adjectives from other sense departments, such as white, dar 
(from sight); “rough,” “smooth” (from touch); sour, md- 
low” (from taste); and so on. Analogies with various^ simp __ 
and complex sensations arc seen m such words as thin, y, 

■■ metallic,” “pinched,” “pushed, and 


>9 « ** 

“open 


liquid,” “covered, 

so on. when applied to tones. . , . , 

Too great a complexity (especially if caused by ^“rm^nK 

nartials): or too great an irregularity of vibration form from 

wave to wave, produces noise. Thus, in the case of a gong or 


_ THE NATURE OF VIBR/JION _^ 

other percussion instrument, the complex vibrations have no con¬ 
stant form but are continually changing, since the different modes 
of vibration are inharmonic, their frequencies bearing no simple 
numerical relation to each other. Such a complex thing as 
traffic noise sho-ws vibrations of even greater wave-to-wave irregu¬ 
larity, usually so great, in fact, that no periodicity can be seen. 
Naturally, there is no clear line of demarcation between musical 
tone and noise. The quality of even a musical tone must be 
considered usually as a complex of both harmonic and inhar¬ 
monic components, if we include the noises of tone production 
on the various instruments, such as the thu(f of the piano hammer, 
the embouchure hiss in wind instruments, the scraping of the 
bow in stringed instruments, and so on. (See Chapter 3.) 

A rough classification of sounds in terms of increasing com¬ 
plexity is as follows. The classes of course have no sharp dividing 
lines, but merge into each other: 


Relatively simple. . • 
(“Hooty,” smooth, dark, 
dull at low pitches) 

Moderate complexities. . . 
(Richer, normally 
most pleasant) 

Greater complexities. , . 
(Rich, bright, brilliant, 
cutting, blaring, or 
even strident) 



Tuning forks 
Falsetto ‘‘oo” 

Blown bottles 

Wide, stopped, organ flue-pipes 
Female and boy soprano voices 
Flutes 

Female mezzo or alto voices 

Open organ flue-pipes 

Soft horns 

Soft male voices 

Pianos 

Strings 

Wood-winds except flutes 

Organ reed-pipes 

Loud male voices 

Loud brass 

Chimes and bells 

Ensembles 

Noise 


Harmonic and Formant Theories of Tone Quality 

There are two theories of tone quality, both of which are 
necessary to explain the tone qualities of musical instruments. 







Rg, 4—Harmonic ond formant theories of tone quality. 


Neither one tells the whole story alone. The harmonic theory 
states that the characteristic tone quality of an instrument is 
due entirely to the relationship among fundamental and upper 
partials, which relationship is supposed to remain unchanged no 
matter what the fundamental is. Thus, if an instrument produces 
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for, say, Middle C, the first “spectrum” shown in Figure ^a, where 
the vertical lines represent the relative strengths of the first 
sixteen partiafs (fundamental plus fifteen overtones), the har¬ 
monic theory would require it to produce exactly that same 
spectrum on any other tone taken as fundamental, as shown 
for example on the three tones, C02, F57, and E32, respec¬ 
tively. 

The formant theory states that the characteristic tone quality 
of an instrument is due to the relative strengthening of whatever 
partial lies within a fixed or relatively fixed region of the musical 
scale. This region is called a formant of the tone. Thus, in the 
spectrum on Middle C, it will be noticed that the eighth partial 
is quite prominent, corresponding to a frequency of 2093 cycles. 
This region could be a “formant region” of the tone, and then 
the formant theory would require whatever partial comes nearest 
to this region to be strengthened. It is obvious that this will 
change the appearance of the spectrum. Thus in Figure ^b, when 
the fundamental is an octave above Middle C, it is not the eighth 
partial but the fourth that is strong. Similarly, when the funda¬ 
mental is raised again, to F57, it is the third partial that is strong. 
When the fundamental is lowered to E32, the nearest partials to 
the formant region are the twelfth, thirteenth, and fourteenth, 
and they are all strengthened. 


The difference between the theories may easily be seen if one 
notices that any particular partial, the fourth, for example, has 
the same strength in each spectrum of Figure 40, but usually 


varies markedly in the spectra of Figure ^b. Thus, according to 


the harmonic theory, if the instrument plays a different pitch, 


the vibration form will still be similar, since, although the par¬ 
ticular hartnonic series will be shifted, its members will still 


retain the same intensity relation to each other. But according 
to the formant theory, whatever partial lies within or close to 
the formant range will be strengthened. If the pitch of the 
fundamental changes, so that some other partial comes into the 
formant range, this other partial will be strengthened. Thus, 
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although the formant range is fixed, the vibration form will 

change as the fundamental changes. ^ 

As an additional illustration of the formant theory, we may 
consider the previously described series of tuning forks, tuned 
to a harmonic series, representing a complex tone with partials. 

If all of the forks are caused to vibrate at a uniform loudness, 
and the series be brought close to an air column tuned to the 
frequency of one of the forks, the tone sounded by this fork 
will be picked out by resonance, and strengthened over all the 
others. The tone quality of the mixture will of course be 
changed. In a series of forks based on another fundamental, 
it would be another partial which would be reinforced. 

The strengthening in the formant range usually occurs 
through resonance of a certain part of the instrument, or of an 
enclosed body of air in the instrument, either of which has a 
natural period at the formant range. Thus it will be seen that 
the formant need not be at a harmonic point. Under certam cir¬ 
cumstances, a resonant part of the instrument or an enclosed 
body of air, even though inharmonic to the fundamental, may 

be set into vibration at its own natural frequency. 

It is of course true that the tone quality is affected not o^y 
by the range of the formant, but by the relative intensity within 
that range, compared with the intensity of the fundamental and 


other partials. ... i 

The formant theory was first applied m the explanation of 

vowel differences. Fletcher, generalizing from the work of 

several investigators, has reported that two concentraaons of 

overtone energy, around poina near to 400 and 800 vibrations 

per second, respecuvely, wUl color a fondamental with the sound 

of the vowel^uaUty “00.” This wUl take place regardless of 


inharmomc 


;ardless of the fundamental pitch, so Ion 
’ 400, of course. Other pairs of fonn^ts 
When we whisper “ee-ah-aw-oh-oo w 


Hennann-Goldap; 
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the oboe, in the fundamental range from F45 to Fst, shows the 
presence of a formant in the region from G #72 to Bbn, due to 
some peculiarity of its construction. It is thought that the quality 
of the fine old Italian violins may be due in part to formants at 
certain frequency regions. Recent work at the Peabody Con¬ 
servatory has shown that the fine male voice, particularly in good 
tone production, has among others a strong formant in the region 
of around 2600 to 3100 vibrations per second, probably caused by 
the resonating of the laryngeal chamber in a certain way. 

The formant theory can explain the fact that the quality of 
an instrument tends to simplify as the fundamental pitch rises, 
because, when the fundamental reaches any formant pitch, that 
formant drops out of the complex tone, leaving it that much 
simpler. As has been said, however, both the harmonic and the 
formant theories, and indeed other considerations as well, such 
as the duration of the tone, the vibrato, and the effects of pitch 
and loudness changes in most instruments, are necessary to 
explain the manifold differences between tone qualities, differ¬ 
ences so great that they go a long way in themselves toward 
giving music its manifold power of emotional expression. 

Toned Attributes Summarized 

Thus all vibrations {lave the three physical attributes: fre¬ 
quency, amplitude, and vibration form, which give rise in the 
mind of the hearer to the three psychological attributes, or 
tonal attributes, as they are called: pitch, loudness, and tone 
quality. The correspondences between these sets of phenomena 
are listed in the table on page 20. 

Clear distinctions must always be drawn between the physical 
terms and their psychological counterparts. Physical phenomena 
can be accurately measured, at least in theory; psychological 
phenomena, being but sensations in the brain, are not subject 
to physical laws, can be only very roughly measured, if at all, and 
often vary in very complex ways as the physical stimuli are varied 
in simple manner. For example, we say that loudness depends 
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Psychological Terms 
(^Sensations) 

I, Pitch depends on . 

High tones ^ caused by 
Low tones caused by . 


Physical Terms 

fundamental or predominating fre¬ 
quency. 

. , . high frequencies. Usually pro¬ 
duced by small bodies. 

. . .low frequencies- Usually pro¬ 
duced by large bodies. 


2, Loudness depends on . .. , 

Loud tones caused by 

Soft tones caused by 


amplitude, or physical “intensity/’ 

.vibrations of considerable force 
and extent. 

.vibrations of small force and 
extent. 



Tone quality depends on . 

Musical tones caused by . .. . 

Pure tones caused by . . 
Richer tones caused by . 

Brilliant tones caused by 


vibration form (the number of 
overtones and the way the en- 
ergy is distributed among them). 

.relatively regular and periodic 
vibration. 


simple vibration form, 
more complex vibration 
forms. 

very complex vibration 
forms. 


Noise caused by 


relatively irregular and non¬ 
periodic vibration, often 
'with inharmonic overtones 
present- 


on amplitude. However, the way that it varies as the amplitude 
changes is not in a simple proportion. SimUarly, we say that 
pitch depends on frequency, but recent experimental work m 
various laboratories indicates that this classical defimtion must 

now be modified. The psychological experienc^pitch--docs 

not vary directly with frequency except m the ^d-range of 
hearing. At the upper extreme, frequencies must be more than 


meaning, of ihe primed symbol on the staff. 


/fit. /fi. mv 
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doubled to produce a rise of an octave, and at the lower extreme 
less than halved to produce a drop of an octave. These effects 
increase the nearer the frequencies are to the limits of hearing, 
and vary with individuals. This is a reason why piano tuners 
often sharp the upper tones and flat the lower ones. Further¬ 
more, pitch is somewhat influenced also by the other physical 
attributes, intensity and vibration form. For example, Fletcher 
has found that if a pure tone at, say, 200 cycles is greatly in¬ 
creased in strength, it will no longer appear to have the same 
pitch. A tone of 200 cycles at an intensity level of 40 units 
sounded the same pitch as a tone of 222 at 100 units. A tone of 
400 at 40 units gave the same pitch as one of 421 at 100 units. 
The 200 and the 400, at 40 units, sound an octave, both suc¬ 
cessively and simultaneously. The tones of 222 and 421, at 100 
units, are judged an octave apart when sounded successively, but 
do not blend into a consonant interval when sounded together 
at this intensity. It has been reported that at a loudness level of 
120 units, if a pure tone with a frequency of 200 increases its fre¬ 
quency to 400, its perceived pitch increases from 158 to 368, a 
change of considerably more than an octave. 

Pitch is also influenced by the relative speed of source and 
listener, as is discussed on pages 82 and 83. 

Furthermore, the other sensations, loudness and tone quality, 
are not dependent just on the intensity and the vibration form, 
respectively, but each one is influenced by all three of the physical 
variables, as has been described by Fletcher, as well as by the 
characteristics of their cyclic variation with time in the case of 
vibrato effects. The dependence of tone quality on other elements 
than the vibration form has also been discussed by Ortmann. 
Even the apparent duration of sounds is fovmd by Lifshitz to 
vary with their loudness. 

Vibrato 

This other determinant of tone quality must now be men¬ 
tioned, and it is one whose important influence is seldom fullv 
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rcjli/ctl. In fhr htinun Uiulrf ifrf uvu^r, 

aiut iiK wirfi »lic ».onUiit itic 

thrrr .n>{»<.irN an rf^cKt i.itl ihr tihrjfrt It n J 

[htukIi* anti tairU even vinafMin **f tIk- ri»nr. »h t iirr tn^ n*irmj!l> 
jUiut MX <»r f*riUN a vcc*»ii*l, ami usually involvuiji{ ?hc 



Rg. S—^ovr 


instantj dwrin^ Of*# eyeW 



frequency, the ampUiudc. and the vibration form. In other 
words, these three attributes go through a cvclc of varution six 
or seven times a second. The frequency m.iv vary as rnt^h as 
through a band a semitone wide, and at times more, '"’hile^c 
amplitude of the vibration may varv quite appreeubly. The 
vibration form may vary to an astonishing degree. For example, 
Figure 5 shows the analyses at four different instants dunng^cme 
vibrato cycle in a gocxl-quality baritone voice, singing 
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loudly on Middle C. (The small graphs at the left are the actual 
wave forms recorded by an oscillograph, and will be more fully 
described in the next chapter.) The change in harmonic con¬ 
tent is very evident in the spectra. It is seen in this case to consist 
largely of an interchange of energy between the region above 
2093 and the region below 2093. At d, one cycle has been com¬ 
pleted, and the vibration form has returned to the same form as 
at a, to begin the next cycle. As a matter of fact, the images 
on the two parts of the original film at a and d can be super¬ 
posed quite closely, so that when one looks through the two 
thicknesses of film there seems to be but one wave image. For 
this reason the wave at d has not been given a separate harmonic 
analysis, the spectrum here being a copy of that at a. The 
complete cycle from which these instants have been selected took 
a litde less than one sixth of a second, and similar variations 
take place in all fine voices, the cycles repeating themselves 
regularly at this same speed of between six and seven a second, 
on an average. 

However, the amount of variation that tones undergo during 
the vibrato cycle is not at all sensed by the ear, probably because 
of their rapid alternations back and forth through the central 
point from twelve to fourteen times a second. Particularly are 
the amoimts of pitch change and tone quality change unsus¬ 
pected or denied, even by musicians, although both are pro¬ 
nounced enough to be heard easily if the tones did not vary so 
fast. The loudness change may appear more marked than it is, 
however. The proof of these statements is easily demonstrated 
by slowing down any phonograph record of a fine singer to 
about half-speed. The pitch will of course drop an octave, but 
the elements of the vibrato will be made very prominent. These 
variations, when again brought up to their normal rapidity by 
playing the record at normal speed, are no longer heard in them¬ 
selves. However, they impart to the total complex tone a certain 
“hveness” or richness, which we are inclined to attribute to over- 
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tones unless we learn to direct attention to its true source. Some 
single intermediate pitch is “heard,” but with an added richness.® 
The importance of an even vibrato to the satisfying quality 
of a voice appears to be considerably greater than formerly 
realized. Tone qualities which are quite disagreeable when 
sustained without a perceptible, even, vibrato can be made 
passable if given artificially a proper amount of an even variation 
at proper vibrato speed. And, according to Kock, tones which 
wdthout a vibrato are slightly off-pitch to an accompaniment, can 
be heard as correct if given a pitch vibrato which includes the 
correct pitch, because of the ear s ability to accent subjectively 

whatever pitch it concentrates on. 

The fact that the true voice vibrato is rarely under even 

partial conscious control, and often is completely involuntary, in¬ 
dicates that its frequency, usually from six to seven or slighdy 
more per second, is determined by some natural physiological 
cause, such as a neural or a muscular period of some sort. 
Westerman has given a good explanation of the physiology 
involved. Whatever the cause, the vibrato has the effect of 
resting the voice mechanism by changing the “set.” Its intimate 
connection with the nervous system is shown by its reflection of 


»It can be proven mathemarically that the variation of a tone in intensity or in 

pitch actually introduces physically a series of other tones on either side of 
pitch. These, although not overtones, give a facnial basis to the experience of 

richness/* The car hears only the ccnual pitch, however. 

In the case of simultaneous and sustained pitches from vanous sources, the 
Dossesses a similar abilitv. if two tones of almost the same frequent^ and amplitude 
^und together we know the ear hears a central pitch with beats. (See chapter 2^) 
And if a number of tones of nearly the same frequency' and amplitude are sounding 
together the resulting tone w'lll be judged by the ear as having a pitch which is an 
aXroximate mean of the two extremes. The hum of a swarm of bees is an illustraoom 
As the number of sources increases, the beating between the ^nous tones ^econ^ vc^ 
complex. Thus, whereas only one beat tone is present with WO purees, mth ^ 
sources three are possible, with four sources Six, with five ten, and so on. The r^it 

» a multitudinous beating which no longer is - ' ^tch 

The peculiar charm of a large pipe organ ensemble is partly due to ^s 

Thr ^e is true of a large orchestra. The ear hears the central pitch but with con 

Serably more satisfaction than when nothing is present save one 

?ho rs anT orchotras owe much to this ability of the ear. because of ^ 

Possibility of ten or fifteen individuals performing exactly in unison even if 

^re u«d. and even if there were no differences of opinion as to the proper -.ntonation 

of all of the tones of the passage. 
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emotional intensity by variations of different sorts, and, according 
to Professor Scripture, by the singular fact of its complete absence 
in the speech of epileptics. 

Many performers and builders of other instruments have 
devised means of producing or imitating with varying success 
the vibrato effect. The vibrato on string instruments is a good 
example. Another example is the organ tremulant stop, which, 
however, produces primarily a variation of the loudness of the 
tone rather than of its pitch. With regard to this type of vibrato 
there is some evidence that its ideal speed is slower than in the 
case of the type of vibrato which involves pitch. Thus, on the 
pipe organ, tremulant speeds are frequently lower than six, or 
even than five per second, while the beating speed of celestes, 
also primarily an intensity vibrato (see page 6o), may be as low 
as even two per second. Sometimes celestes are arranged to 
beat, for instance, at three per second in the lower range, and 
to increase to six in the top octave. The ponderousness of the 
instrument, its “tradition,” the large reverberation of cathedrals, 
and the particular quality of the tones used for celestes, all may 
have an influence in lowering in this way the ideal vibrato speed. 
However, in the vibrato as found in a well-produced voice, must 
be found the primary aesthetic appeal of vibratos in all other 
instruments. The human voice far antedates all other instru¬ 
ments, and far surpasses them in flexibility and variety of tone 
quality and emotional portrayal. We find more pleasure in a 
violin tone with vibrato than in one without. Does not the 
reason for this lie in the fact that the string vibrato is a more 
or less satisfactory imitation of the vibrato in the voice, to which 
humanity has for ages reacted pleasantly? And the reason the 
voice with a proper vibrato was much easier to listen to through 
all the centuries than the one without was because it was a better 
produced voice, and aroused no sympathetic strain on our throats 
or our ears as we listened. Thus was the aesthetic value of the 
vibrato first established, and when we now hear a tone, instru¬ 
mental or vocal, with a free, even, vibrato, we feel that it is 
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produced in a free and “relaxed” manner* The time seems almusl 
to have come when instrumentalists who are imable to produce 
a satisfactory vibrato on their instrument, either intentionally or 
unconsciously, even including all of the wind instruments as 
well as the strings, wfll not be considered to have technical 
mastery of their instruments. Possibly devices will be invented, 
or teaching methods improved, so as to make more easy the 
production of this most important aspect of good quality. 

The vocal tremolo ® is not unrelated to the vibrato, but is 
caused by incoordinated muscular tension, and expresses itself 
as an inartistic extreme of one or more of the three variables, or 
by a departure from the evenness of their variation. Also, it is 
often faster than seven per second. Professor Seashore has sug¬ 
gested that we scrap the term tremolo, since it has so many varied 
meanings, and use instead only the generic term vibrato, defining 
in specific terms the particular type of fault which makes the 

vibrato objectionable.^ 


« This is not to be contused with the use of the term tremolo in string instrument 
where it impUes a rapid alternation of up-bow and down-bow strokes. m 

Utde if any Singe in pitch, but prindpaUy a scries of changes in 
instant of dianging the direction of the bow litdc or no sound is bang produced. 
^^t^:onsidcrable work has been done on various aspects of the voice vibrato by 

and his associates at the University of Iowa, and by Stanley and oiha 
investigatarB. The violin vibrato has been investigated by Cheslock at the Peabody 

ory of Mttcc. 
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Sound Waves and Their Characteristics 


'.esonance 

With this preliminary survey of the relationships between 

ibrations and music in mind, let us return to a more detailed 

ansideration of the nature and effects of vibration, beginning 

dtfi tlie phenomena of resonance, and leading from this into 

le characteristics of wave motion. A vibrating body can set 

nother body into “sympathetic vibration” provided it has the 

ime, or nearly the same, frequency as the second body, or pro- 

ided it has an overtone partial of the same or nearly the same 

-equency. We have all noticed this in the way a vase or other 

bject will rattle when a certain tone is produced. This 

henomenon is called jree resonance, or simply resonance. Thus 

flute may be made to sound softly without blowing it if a 

ibrating tuning fork is held close to its opening while at the 

ime time the fork tone is fingered on the flute. If another pitch 

1 fingered, the effect is absent. When the natural periods are 

uite accurately in tune with each other, a very marked vibra- 

on may be set up in the second body, because, though each 

idividual vibration of the first body possesses only a very small 

mount of energy, each one of them is timed exactly right to 

jntinue and increase the amplitude of the second body. This 

rinciple is illustrated in the way that two children may set a 

eavy swing into considerable motion by standing facing each 

her, on either side of the swing, and properly timing their 
ushes. 
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The same principle is responsible for the fact that troops are 
ordered to break step when crossing a bridge, to prevent vibra¬ 
tion and possible breaking of the bridge if its natural frequency 
coincided with that of the regular tread of marching. Similarly, 
in electrical or mechanical machinery, “critical” or resonant 
speeds may induce large forces which if imbalanced may cause 
serious damage to the machinery. Two pianos in tune with eaA 
other may softly “play each other” if the dampers are lifted. 
The air waves from one tuning fork may set another of exacdy 
the same pitch into vibration, even at some distance away, if 
mounted on resonator boxes. The effect can even be secured 
with an obstacle between the forks, since sound waves bend 
around obstacles. This becomes more striking when we remem¬ 
ber that steel is some sbc thousand times as heavy as air. However, 
it must be remembered that resonance does not create new 
energy. The first tuning fork wUl expend its energy much 
faster in the presence of a resonator such as a resonance box or 
a second fork, so that the louder the resonant sound is, the 

shorter the time it will continue audible. 

A vibrating body can also set another body mto a certam 

amount of vibrauon when the natural penods “ 

when a tuning fork sets a table top mto vibrauon. This is called 

forced reronanee, but the broader term resonance “ 

olied here also. Many instruments make use of forced resonance. 

as wdl be discussed Uter in the book, under the seeuon on 

Reinforcement. 

Transverse Wave Motion 

The way in which resonance can set a body mto vibration 
at a distance from the vibrating source shows us ^t the 

can be better understood by performing the eapenmrat <rf )i^ 
1- c ihtU block of wood up and down at a regular rate m 

d The scries of waves generated thereby wUl travel awoss 
a pond. The sems ot w g 
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will make it bob up and down at the same frequency as the 
source. We shall find that many of the properties of sound are 
made clear by studying the action of water waves. When a stone 
is dropped into water, it displaces the water immediately under 
it, as in Figure 6, and starts the first of a short series of ever- 
widening waves. The num¬ 
ber of these waves to pass a 
given point in a second would 
be their frequency. The ver¬ 
tical distance from the top of 



Fig. 6—Formation of circular water wave. 


a crest of a wave to the bottom of its trough would be the 
amplitude of the wave. 

Let it be emphasized that the actual motion of the water is 
not at all the same as its apparent motion. Taylor has described 
the process: “When we say that the waves advance horizontally, 
we mean, not that the masses of water of which they at any given 
instant consist, advance, but that these masses, by virtue of the 
separate vertical motions of their individual drops, successively 
arrange themselves in the same relative positions, so that the 
curved shapes of the surface, which we call waves, are trans¬ 
mitted without their materials sharing in the progress" If a 
light chain be held suspended from one hand and a quick motion 
imparted to it by suddenly moving the hand, a wave may be 
seen to run down it, but the chain itself has not traveled down¬ 
ward, and will presently become quiet again in its original 
position. Similarly, in “cracking the whip.” Another example 
is furnished by moving a cane under a tablecloth. A “wave” is 
seen to travel across the cloth, but it is evident that the particles 

of the cloth have moved only up and down, as the cane moved 
under the cloth. 

Water waves, although actually very complex, may be re¬ 
garded for our purposes as examples of transverse waves, waves 
in which the displacement (up and down) is at right angles to 

the direction the wave is traveling (across the surface of the 
water'1. 
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Longitudinal, or Compressional. Wave Motion 


no 


In the case of the air, things are different, because there is 
“surface” to the air. It is all around us, in every direcuon, 

^ C T fl 


imagine 

smce wc live Lzx*-. — - 

tiny bomb no bigger than a pinhead. When it explodes, it 
pushes back the surrounding air in every direction, crowding 
the air particles together, so that a sphere of compression is starte 
outwards, followed by a sphere of relative rarefaction, where the 
particles are farther apart than normally. These spheres increase 
in size in all directions similarly to the manner m which the 
circular crests and troughs widen in but two dimensions on the 
surface of the water. The movements of any vibrating body 
give rise to wave motion in a similar way to the explosion of 
Se little bomb. The air particles which are adjacent to th 
disturbance are pushed into motion first, and these push on more 

distant particles, and so on. Due to the inertia of 
as-it-is-ness”), it is not set into motion as a whole The particles 

farther away do not respond as soon as the first ones. C 
qu^tly the air is crowded together or compressed tmtnediately 
Lund the source. This compressed condition-followed, of 
course by a rarefaction (and by other compressions and rarefa^ 

water mover wheo a and forward 

cars, or the y a wave across a wheat- 

baeU and forth when a the ah 

field, although more P stand in 

particles arc mvisible to our signi. 
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a row, join hands, and “crack the whip,” we have an illustration 
o£ transverse wave motion. But if they stand in a line, each with 
his hands on the shoulders of the boy in front, and the end boy 
be given a push, the heads at that end will be pushed closer 
together, and a “wave” of “closer-together-ness” or compression 

will travel through the line. Each head, however, will partake 


(a) 


A.ir molecules at rest 


(h) 


(c) 


(d) 


(e) 


(f) 



/ / i Compression 

// 

# / 

^ Compression 

Vi 

// Rarefaetwn Compression 

'// 

.. 

/ i i Compression Rorefaeiion Compression 

/ / /••••^. 

t / / -Y * 

One complete wave-length 

fig. 7 —Formation of air wave by vibrating string.* 


of only a small back and forth movement. If, in Figure 7, we 
represent the push as produced by a vibrating string, for example, 
and instead of the line of boys we have a row of air molecules, 
we have the same phenomenon on a smaller, but more rapid, 
scale. When the string swings to the right, as in ^ (the 
amplitude has been magnified in the drawing), the adjoining 
molecules are pushed together to make a compression, and the 

• Adapted by permission from Loomis, A., and Schwartz, H. W,, How Music Is Made. 
Elkhart, Ind.: C. G. Conn, Ltd., 1927. 
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same push which made the compression also starts it traveling 
through the air, so that eventually all the molecules shown in 
a, and many more not shown, will be pushed together as it travels 

through them. 

When the string swings back again on its return trip through 
its rest position, as at c, and on to the left, as at d, it leaves a space 
into which some of the compressed molecules rush. However, 
they are few and far apart immediately next to the string, and 
this region is called a rarefaction. When the string starts back 
on its second trip to the right, as at e and /, the molecules again 
pile up to produce another compression, to be followed by 
another rarefaction, and so on until the motion of the string 
dies out. Thus the individual molecules of air move constantly 
back and forth through only a short distance while the “wave” 
(the compressed-and-rarefied condition) passes through them. 
And while a molecule makes one complete (back and forth) 
vibration the “wave” advances through one wave-length. This 
may be seen if the reader will follow, for example, the movement 
of the air molecule immediately next to the string through the 
phases shown in b. c. d, e, and /. Any particular molecule is at 
one instant in a region of compression and very shortly afterward 
in a rarefaction, just as any boy in the Ime may alternately be 
in a region of “compression” or one of “rarefaction. 

Now, in the case of a water surface, circular waves wiU be 
produced by any dismrbance. If a paddle is pushed m one 
Lection, a wave is started in that direction, but that wave soon 
spreads around so as to fiU up a whole ckcumfemnce of an 
expanding circle. SimUarly, in the case of the air, sphcncd 
waves wUl be produced by any disturbance, whether it pushes 
back the air in every direction as did the little bomb, or whe^er 
it is produced by something which is vibrating m on y one Ime 
of motion. This is because sound waves, as we shall see late 

under Diffraction, tend continually to spread m 

Thus the movements of any vibratmg body give rise to sphcncal 

waves and if we imagine the action illustrated by Figure 7 
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taking place outward in every direction from the sounding body 
instead of just in one line, we can visualize the formation of 
these spherical sound waves. The actual distance that the air 
particles travel back and forth is extremely small. Thus sound 
waves pass readily through quiet smoke without imparting any 
visible motion to it. 

We have already defined the terms frequency, period, and 
amplitude, when applied to the original vibrating source. These 
terms now may be given other definitions for use when con¬ 
sidering the passage of compressional waves through the air. 
Frequency, as applied to an air vibration, means the number of 
complete waves (each wave consisting of compression and rare¬ 
faction) to pass a given point in a second. Period means the 
time required for one complete wave to pass a given point; 
amplitude, the amount of variation in air pressure from com¬ 
pression to rarefaction. Thus, if the normal air pressure of, say, 
fifteen pounds per square inch be varied between 15.001 and 
14.999, the maximum “pressure amplitude” is .002. (However, 
many writers prefer to define amplitude as the maximum varia¬ 
tion from the equilibrium situation, so that in this case the 
pressure amplitude would be .001 pound per square inch.) 

“Air waves,” no matter by what sort of vibration they are 
produced, are examples of longitudinal, or compressional waves: 
waves in which the displacement of the individual particles is 
back and forth in the same direction that the wave is traveling, 
as contrasted with transverse waves, in which the displacement 
of the particles takes place at right angles to the wave direction. 
Each sound wave consists of a pulse of compression and a pulse 
of rarefaction. However, a single wave by itself seldom, if ever, 
exists. Just as a single disturbance in a body of water gives rise 
to several waves before its effect disappears, so do air disturbances 
usually give rise to a series of waves, even in quite short sounds, 
although of course the first one may be much stronger than the 
succeeding ones. Thus, the shortest staccato sound ever heard in 
music consists of a number of waves. 
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If these compressional waves be prevented from spreading 
outwards in all directions, as when they are confined in a long, 
smooth-walled tube, they can travel for great distances without 
being appreciably weakened. Thus, the faintest whisper uttered 
at one end of a Paris conduit pipe could be heard distinctly at 
the other end, a distance of 3120 feet, and Koenig was able to 
set a fork into sympathetic vibration by another fork through a 
conduit over a mile long, by pointing the open ends of their 
resonatinjg boxes toward each other. 


Diffusion 

Normally, however, sound spreads out in all directions. This 
spreading out of sound in spherical waves as it leaves the source 
is called diffusion. Since the spheres of compression and rarefac¬ 
tion get larger and larger, the energy of the sound is more and 
more widely distributed. Thus, in an open space where there is 
no reflection of sound by walls, the sound heard dimimshes m 
strength very rapidly (inversely as the square of the 
The sound energy intercepted by an envelope held up ^ feet 
from a band is four times that intercepted at a hundred feet, and 
sixteen times that at two hundred feet. Music heard in the open 
air is frequently unsatisfactory because the subder nuances are 
lost. In addition to this effect, sound in air is further weakened 
in other ways. Uniform diffusion through air could exist only 
in an entirely open space away from the ear^, with unifo^ 

Such L ideal case is never met, however, and sound is weaken 
bv friction with the earth’s surface, by the viscous resis^ce of 
the air caused by friction of the air particles themselves, by 

losphcric absorption, changes in density »d 

the ah, ah currents, multiple reflections, and so on. In these 

nrocesses which eventually dissipate the energy o£ the sound 
waves the components above looo in frequency us^ly 1^ oitt 
Tom tha^ *0^ Wo- point- B^d music hemd tom a 

- 1 _ KiorVi-nkched instrunients, and 
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thunder heard from a distance is only a rumble, having lost the 
higher frequencies that produce the crack and crash. The effect 
was simulated by Weber in the “Bauernwalzer,” of Der Frei- 
schiitz, where as the musicians depart only the basses are finally 
to be heard. When the human voice is heard from a considerable 
distance all that remains are some of the vowels, whose com¬ 
ponents have lower frequencies and greater energies than the 
consonants. And on a still night we can hear prominent higher 
tones in the complex sound emitted by an airplane or a distant 
band, whereas in the daytime these will often be lost because of 
the disturbance of the atmosphere by the rising of currents of 
sun-warmed air. Dirigibles have been seen to be wafted upward 
a bit as they passed through each layer of hot air rising from 
the streets of a hot city, alternately sinking a bit between each 
street. This indicates the lack of homogeneity in the daytime 
atmosphere. And even inside of an auditorium—where, as we 
shall see later, sound is reflected back and forth many times 
from walls, ceiling, and floor before it dies out—there is a loss 
of brilliance because the long paths traveled by the waves in their 
many reflections give time for atmospheric absorption to get in 
its work. These effects, however, may be modified or even 
reversed if the higher-pitched components of a complex sound 
are actually being produced at much greater intensities than 
the lower ones. Furthermore, the ear loses its sensitivity as the 
frequency drops below its most sensitive range. This range lies 
from looo to 5000 (the resonance of the ear-canal lying at about 
2800-2900), so that, as frequency drops below 1000, the ear loses 
its sensitivity rapidly. And if a low pitch and a medium pitch 
(for instance, C28 and A49) soimd equally loud at a certain dis¬ 
tance from their source, at a greater distance it will be found that 
the low one has lost more in loudness than the medium one. 
Thus as the distance is changed the relative loudness of sounds 
changes. This may help to explain the differing opinions as to 
quality by listeners at different points, even when no reflection 
phenomena are considered. 
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It would appear, therefore, that the medium frequencies are 
the ones which will persist the longest as the distance from the 
source is increased, since the higher ones are lowered below the 
zero level of loudness by atmospheric absorption, while the lower 
ones are lost because of the lowered sensitivity of the hearing 
mechanism. And even the medium frequencies are normally 
weakened for a listener at least as rapidly as the inverse square 


law. 

This is an appropriate place to discuss the alleged “carrying 
power” frequently attributed, sometimes rather mystically, to 
some types of tone production. Some singers, for example, are 
supposed to be able to make their lightest whisper carry through¬ 
out a large auditorium. If a tone quality which is produced 
by a certain amount of sound energy spread fairly equally over 
a large number of partials be changed into one in which the 
same amount of energy is concentrated in one or at most a few 
partials, it is clear that these stronger partials can travel to a 
greater distance than the weaker partials of the first sound before 
being weakened to a point below audibility. For example, there 
is evidence to indicate that the good male voice tends to concen¬ 
trate its energy into two or three regions to a greater degree than 
the throaty voice. This is a possible explanation of “carrymg 
power.” A better explanation, perhaps, is to be found, as pomted 
out by Drew,^ in the fact that when a performer softens his tone 
to a pianissimo his audience frequently becomes less fidgety ^d 
therefore less noisy, permitting a softer tone to be heard than 
was possible before. “The better and more interestmg-or even 
the more famous and expensive—the artist is, the more like y 
is it that this kind of silence on the part of the audience will 
occur. So arises the idea that some artists are endowed with 
the power of outlawing themselves from the realm of acoustics 

for their own purposes.” 

W. S.. .Hr Ar. an, ,Hr Craf,. pag= .34- New York: Oxford Unt 

vcrsity Press, 1937* 
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Reinjorcement 

Since sound usually weakens rapidly as it travels away from 
its source, it is necessary to reinforce the primary tone of musical 
instruments. Anything that will cause a larger body of air to 
be set into vibration will accomplish this. Thus, horns, enclosed 
bodies of air, soundboards of large area, and other types of 
resonators are fitted to the vibrating body. We do not always 
realize that the sounds we hear from a piano or a violin come to 
our ears not from the vibrating strings, which in tliemselves are 
poor sound radiators, but from the vibrations of the soundboard 
or enclosed air. This is why the body of a good violin is costly, 
not the strings. A damaged violin may still be valuable if its 
belly is still able to reinforce tones fairly evenly throughout the 
scale. The piano, the violin, and the harp would have very poor 
and weak tones if it were not for their soundboards (and in the 
case of the violin and harp, the resonance of their enclosed 
bodies of air), because the strings by themselves would merely 
cut through the air, back and forth, without generating much 
sound. “Practice fiddles” are sometimes made without the sound¬ 
board body, for quietness. The tone is not only quieter, but less 
pleasing. In the case of such an instrument as the violoncello, 
which rests on the floor, the stage floor should be capable of 
vibrating as a giant soundboard. 

It should be borne in mind that the setting of a larger body 
of air into vibration takes added work. Thus, for example, a 
piano wire will cease vibrating sooner when made to vibrate a 
soundboard than when not made to do this extra work. 

Reinforcement is thus an application of the principle of 
resonance, the terms being somewhat synonymous, and all musi¬ 
cal instruments have resonators of one sort or another. Thus, the 
clarinet reed would give a poor tone if this were not strengthened 
by the column of air inside the tube. In the organ, every tone 
has its own tuned resonator in the column of air in each pipe. 

The manner of reinforcement often has a marked influence 
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not only on the power, but on the tone quality. In such an 


.uc \jxixy v-'Ax - 11 

instrument” as the jew’s-harp, the entire variation is caused by 
differences in the natural frequency of the body of air m the 
mouth (possibly aided by the cupped hands), which reinforces 
the tone. The characteristic quality of a violin is due m part to 
the way in which the wooden parts vibrate in reinforcing die 
string tone, strengthening some frequencies and weakenmg 

The Helmholtz resonator furnishes a good illustration of ie 
principle of reinforcement by resonance. It is a spherical sheU 
of metal or glass enclosing a body of air tuned to a certam pitch, 
and having an aperture for the sound to enter and atM^er 
smaller aperture in a protuberance which fits into the car. W 
placed to the ear, it can be heard to respond quite strongly if 
its particular pitch is present in the surroundmg an, and very 
weLy, if at all, to other pitches. The “sound” of a sea s e 
or an empty bottle, when placed to the ear, is an example of this 

'’"“rte natural pitch of such an air cavity depends on its volume 
and on the size of the aperture. When a Hel^oltz resona or 

some addWonal ait being forced through the “P'"”®’* c 

namral pitch w e r decreasmg 

made when a ,ar is « a SP« 

volume of air 8 “ smaUer this 

die ap"'"'; '*>' P ^ „„ 3„ion slowed down by ah 

friction. When the aperture is enteged, &e air may p 
and out more readily, and die pi.^ ^ ^ 



SOUND WAVES AND THEIR CHARACTERtSTICS _39 

various tones of the harmonic series of a certain fundamental, 
in order to tell in a rough way which overtones of the sound 
were prominent, and which ones weak or absent. 

The principle of reinforcement by resonance affects the 
acoustic properties of auditoriums. Rooms may act as resonators 
of low pitches in the same manner that Helmholtz resonators 
do, particularly if they have hard walls. Such pitches may often 
be found by h ummin g up and down the scale, especially in a 
small room or alcove. When a resonant point is reached, the 
whole room seems to be sounding. Wooden walls or paneling 
may have resonant action at certain frequencies. Church pews, 
floors, paneling, or chandeliers sometimes vibrate sympathetically, 
or are forced into vibration, when low organ pedal tones are 
played. The effects of such resonant frequencies are known to 
organ tuners. When an organ is in its final position, the pipes 
must be “voiced” to give the correct intensity for the hearers, 
and this entails making some of them actually softer or louder 
at the source, in order to compensate for resonance and reflection 
effects. Thus one man listens from the auditorium, calling his 
directions to the man at the pipes. 

Velocity of Sound in Air 

Whether a sound is reinforced by some means or not rein¬ 
forced, whether it is a strong or a weak sound, of high or low 
pitch, or of complex or simple nature, it is always produced by 
a series of expanding spherical compressions and rarefactions 
of corresponding nature, traveling outward from its source. And 
as these spheres of alternate compression and rarefaction expand 
through the air (or for that matter through any medium), we 
find that their velocity along any particular line from the source 
is constant, and nearly independent of the pitch. Thus if we 
are listening to music from a distant band, the tones from the 
high-pitched instruments do not travel toward us any faster than 
those from the low-pitched ones, but all pitches travel at the 
same speed, roughly iioo feet per second, or 750 miles per hour. 


40 SOUND WAVES AND THEIR CHARACTERISTICS 

The velocity of sound in air is also nearly independent of its 
loudness, at least for all ordinary sounds, the loud tones of the 
band arriving at the same instant as the soft ones if produced 
at the same instant. However, in the case of very powerful 
vibrations, as in explosions, the velocity near the source may be 
considerably greater than normal. Thus the order to fire a 
cannon has been known to arrive at a listener’s ear after the soimd 
of the explosion has been heard. Generally speaking, however, 
the louder the sound, the farther it will travel, not the faster. 

The velocity of sound in air is also nearly independent of the 
tone quality, complex tones traveling just as fast as simple tones. 

The velocity of sound in air varie^ somewhat with the 
atmospheric conditions, increasing slightly with an increase in 
temperature. Thus the figure of iioo feet per second is only 
strictly true for a temperature slightly over 40° Fahrenheit. For 
colder temperatures it is less (about 1088 at the freezing point), 
and for warmer temperatures more. The increase is a htde over 
a foot per second for each degree Fahrenheit. Thus the pitch 
of wind instruments, which depends on the speed of sound waves 
up and down the air column, varies with the temperature of the 
enclosed air. At ordinary room temperatures sound travels about 
1130 feet per second. The velocity of sound also increases slightly 

with an increase in moisture content. 

What we often fail to realize is that, although the speed of 

sound is a rapid speed, it is by no means so rapid that it may be 
considered instantaneous, and be neglected. Light waves are 
so rapid that for our purposes they may be considered to be 
instantaneous, but sound waves are about 900,000 times slower. 
If a long procession is marching behind a band, and every man 
puts his foot down when he hears the drumbeat, they wUl not 
be in step with each other, since each rank farther back hears the 
sound a litde later than those ahead. Bragg suggests ^at by 
watching the bobbing of the heads an actual “ripple” can be seen 
to run down the line at each step, traveling of course at the speed 
of sound. In a hall 226 feet long, sound would take a fifth ot 
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a second (the interval of time between two watch-ticks) to travel 
the length of it. Thus a man watching an orchestra from the 
rear of a large hall will be disturbed by the apparent constant 
lagging of the instruments behind the conductor’s baton. Even 
the conductor himself, as well as the individual players, as Red- 
field points out, are troubled by this phenomenon if the group 
is very large, as in the “massed chorus,” or even more so in the 
massed band or orchestra playing in lively tempo, where preci¬ 
sion is perhaps more essential than in most choral singing. 
Redfield points out further that many band leaders believe lag¬ 
ging tubas to be due to the time required for tone to travel 
through the imusually long tube from the mouthpiece to the bell. 
Such an explanation would reveal a misunderstanding of the 
form of vibration of brass-wind instruments. Even so, such a 
short time would often not be as long as the time taken for the 
sound to travel from the bell to the director’s ear. The lag may 
be caused instead by the players imagining that the production of 
sound is simultaneous with the (preliminary) setting of the lips. 

StUl another example of the relatively slow speed of sound 
compared with light is to be seen in a very large motion-picture 
theatre. When the sound is synchronized with the action on the 
screen for observers in the front of the hall, it lags appreciably 
for those sitting in the rear, unless small auxiliary loud-speakers 
are introduced farther back in the hall in addition to those behind 
the screen. Practically, it should be adjusted for a midway posi¬ 
tion, although observers in the front will then hear the sound 

a tiny bit before they see the corresponding action, and observers 
in the rear a tiny bit later. 


Under exceptional atmospheric conditions, sound may travel to un¬ 
expected distances. Even the noise from such a tiny source as the 
sound-producing organ of the cricket has, according to Darwin, been 
heard at night across the distance of a mile. If we imagine a spherical 
shell with a radius of a mile, we get some idea of the great mass of 
matter, from five to ten million tons, thrown into sonorous motion by 
such a tiny insect, weighing only a small fraction of an ounce. The 
human voice has been heard across an air distance of eight miles 
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Bragg has reported hearing the strokes of an axe across a distance so 
great that when the sounds finally arrived at his ear the woodcutter had 
straightened himself and begun to move away. It is easy to see how a 
man could be shot from a distance by a rapidly moving rifle bullet 
before he heard the report of firing. The story is told of a ship’s crew 
in the South Atlantic hearing strange bells which later information 
proved to have been sounding in a festival at Rio de Janeiro, over 
120 miles away. At this distance a musical selection nearly ten minutes 
long could have been completed and in transit before the first tone 
arrived at the ship! The report of the explosion of the meteor of 1^783 
was heard at Windsor Castle ten minutes after its disappearance, which 
would mean that it was about 125 miles away. Of course, the louder 
the original sound, the farther it wfll travel. Thus cannonading has 
been heard 200 miles away from the scene of batde, as when battle 
between the English and the Dutch, in 1672, was heard in Wa s. 
Sounds from the terrific eruption of Tamboro in Sumbawa Dutc 
East Indies, were heard more than 900 miles distant. At usud 
speed of sound in air, they would have taken well over an hour to 
tLel such a distance. Such sounds are transmitted readily through 

'^^Th'e'tiolrremarkable instance on record of distance traveled is Aat 
of the eruption of Krakatoa in 1883, which shot up a column of debris 
seventeen miles high. Sounds from this eruption were heard over a 

riguez nearl^ 3000 miles away, at Bangkok (1413 
pSSines (Itaut .450 mil-), i" (^8 

not have any record of actual sounds being heard farther than these 

" rtci. J wfs observed nor fewer ,h,n seven un.es 
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at many of the stations, four passages having been those of the wave 
traveling from Krakatoa, and three those of the wave traveling from its 
antif)odes, subsequendy to which its traces were lost.” Thus this gigan¬ 
tic sound wave traveled for at least 127 hours. Tremendous water 
waves were also generated by this eruption, which caused the loss of 
over 36,000 lives. Some of these waves traveled as far as 8000 miles, 

or more. 

Wave-Length 

The distance in the air, at a certain instant, from a point on 
one air wave to the corresponding point on the next (for ex¬ 
ample, from ma xim um compression to maximum compression) is 
called the wave-length. This is illustrated in Figure 7/, although 
it must be remembered that the waves go out spherically in every 
direction. Suppose some material body is vibrating at a fre¬ 
quency of one vibration per second, although of course this is 
too slow to be heard as a tone by the human ear. Each spherical 
wave (compression-rarefaction) that it gives off travels at the 
rate of 1100 feet per second, the speed of sound. At the end 
of the first second, the “front” of the first wave will have traveled 
1100 feet (in every direction), and the second wave will be just 
starting to be formed. Thus in a given direction the disturbance 
for a single wave takes up the whole 1100 feet, and its wave¬ 
length is said to be 1100 feet. If the body were vibrating with a 
frequency of two vibrations per second, there would be two 
waves in the 1100 feet (since the speed of sound waves is con¬ 
stant). In this case their wave-length would be one half of 1100, 
or 550 feet. If the frequency were three per second, there would 
be three waves distributed along the 1100 feet, and the wave¬ 
length would be 1100 divided by 3? or 367 feet. Thus, if we know 
the velocity of sound and the frequency, we can find the wave¬ 
length by dividing the velocity by the frequency. Naturally, 
then, the higher the pitch, the shorter the wave-length. Some 
approximate wave-lengths are given here, based on the now 
commonly used pitch of A-440. In calculating them the velocity 
of sound was taken more accurately at 1129 feet per second, which 
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is close to the actual conditions under which music is heard in 
concert halls: 

Frequency Wave 4 ength 

Lowest C . 16.4 69 feet 

Lowest C on piano (C4) . 3^-1 34 A 

Middle C (C40) . r 

Violin A (A49) . 440- 2/i feet 

C four octaves above Middle C (Cgg) .. 4,186. zA mcnes 

Highest audible tone (roughly) 20,000. 0.68 inches 

Thus, when the orchestra tunes to the oboe at 440, the predomi¬ 

nant length o£ the air waves in the hall is 2V2 feet—aVi feet 
between successive compressions, or 1% feet between compres- 
sions and adjacent rarefactions. 

SounJ Waves in Other Media 

Sound waves (that is, compressions and rarefacuons expand¬ 
ing spherically) can pass through solid, liquid, or gaseous sub¬ 
stances, but not through a vacuum. They ttavcl faster m most 
liquids and solids than in air, because the former, though denser, 
are yet in proportion very much more elastic. ^ Soun waves 
travel through water at between four and five times the speed 
they travel through air, and through steel at about fifteen times 
tfieir air speed. If one U standing by a telegraph pole, and a 
pole some distance away be struck with a hammer, a famt noise 
of the blow wUl be heard, apparently commg from the ne^iy 
pole, an appreciable instant before the acm^ airqransmitted 
mu,;d arrivi This is because the sound traveled faster through 
the metal wires to the near-by pole, and thence to the ear, thm 
when it traversed the air for the whole distance. In many mstru- 

drfino the fora ol U»~'r “ ,™“..lS. » So. »l«b b., bwugbi 

revert to their original position, and this “ ,3, „£ ^e term, m which, 

about the change.” This differs ^ ^use it undergoes considerable 

for example, rubber is considered and solids, in the true 

Sane or position with an equally strong force. 
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merits it is essential for sound waves to pass through solid sub¬ 
stances, which they do with ease. An example is the bridge and 
the sound post of a violin. Even our sense of hearing is depend¬ 
ent on the conduction of the vibrations through the bones of the 
middle ear, and when the normal hearing mechanism of the 
middle ear is damaged the vibrations may be conducted directly 
to the cochlea (inner ear) through the bone of the head. Persons 
who are deaf to air-borne sounds may still hear if the vibrating 
body is placed in contact with the teeth or the bony skull. The 
same is true if an electrically amplified reproduction of the air¬ 
borne sound be impressed on the bony skull, as in the case of the 
“bone-conduction” type of hearing aid. (See Chapter 5.) 

An example of the ease with which sound passes thr6ugh solid 
substances is afforded by a wooden rod. The ticking of a watch 
is usually inaudible at a distance of twenty-five feet. However, 
if one end of a long wooden rod be placed against the watch, 
and the other end over the entrance to the ear, the ticking will be 
heard very plainly. The grain of the wood aids the passage of 
the sound. Through such a long wooden rod, music has been 
transmitted from the soundboard of a piano several floors away, 
and with the aid of another soundboard, such as the body of a 
violin, placed in contact with the end of the rod, the music was 
made audible to a roomful of listeners. The passage of sound 
through or along the walls of a building is another illustration 
of the ease with which these waves pass through solid substances. 
Sound travels readily through the earth, and more readily in the 
direction of the geologic strata than across them. The sounds 
of horse hoofs can sometimes be heard from considerable dis¬ 
tances if the ear be placed against the ground. With the aid of 
under-water microphones, the water-borne sound waves from 
explosions many miles distant may be detected. 

Sound waves in the air are almost totally reflected when they 
strike a much denser material, as, for example, a water surface. 
Thus, a submerged swimmer cannot always hear a pistol shot in 
the air above him. If, however, a vibration be produced in the 
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water, sound can travel great distances through, it, because water 
is quite homogeneous as compared with air. Ships carrying 
under-water microphones can detect icebergs as much as three 
miles distant by loud, deep, characteristic sounds believed to be 
due to the cracking of the ice imder water. It should be re¬ 
membered that this is due to the passage through the water of 
enlarging spherical compressions and rarefactions. The surface 
waves on a body of water, although useful in illustrating certain 
facts of wave motion, are something quite different and much 
slower, being examples of transverse wave motion. 

Sound cannot travel through a vacuum. If an electric bell be 
suspended in a jar, and the air pumped out of the jar, its sound 
will grow weaker and finally become inaudible, even though it 
can still be seen to be ringing. If the air be then permitted to 
flow back into the jar, the bell becomes audible again. 


Graphic Recording of Sound Waves 


The rapidity of sound waves and the extremely small energy 
they normally possess make it difficult for us to believe that they 
exist, since we like to see what we experience. However, the 
existence of these comprcssional waves may be made evident by 
raising the palm of the hand while facing an explosion. In 
watching skyrockets, for example, especially if one is fairly close, 
at the moment that the sound is heard, a faint pulse of air may 


actually be felt on the hand or fingers. No air has come to the 
listener from the explosion, but a compressed condition of the air 
has traveled through it. It is occasionally even possible, because 
of the xmequal refraction of light by air of differing density, to 
see the initial wave produced by a powerful explosion. Thus a 
rapidly flying shadow has been seen to sweep across the sky and 


over clouds during cannonading. 

Usually, however, sound waves are too small and rapid to be 

seen by the naked eye. In addition, as we have seen, they are 

usually quite complex. Since it is often necessary to be able to 

study them, in order to analyze the tone and learn what over- 
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tones are present, it is essential to be able to record them in some 
permanent, and preferably magnified, form. A graph of the 
motion of a pendulum may be secured, as has already been dc- 
scribed (see Figure i), by causing it to trace its path on a strip 
of paper which is moving at right angles to the pendulum’s mo¬ 
tion. Similarly, if we could get something to vibrate in response 
to the air waves (as in forced resonance through the air), and 
could then get that vibration to trace itself in some way, we 
would have our record. The air waves are not strong enough 
to set a heavy pendulum into vibration, but they can set a small 
sensitive diaphragm into motion. The early phonograph records 
were made by collecting and concentrating the sound waves 
with a horn, letting them set into vibration a diaphragm 
stretched across the small end of the horn. The resulting move¬ 
ment of this diaphragm, by a system of levers, was then caused 
to scratch a wavy line on a revolving wax cylinder or disc.® A 


more modern method is to have the recording diaphragm part 
of a microphone. The effects of its movement can then be 
greatly amplified electrically. The resulting pulsations of the 
current are made to cause a beam of light to swing back and 
forth in sympathy with the sound. If this beam of light be 
focused on a strip of photographic film moving at right angles 
to the movement of the light, that is, across the vibration direc¬ 
tion, a permanent “picture” of the sound wave is secured. This 
is called the microphone and oscillograph method. 

Since these methods all use a diaphragm moved more or less 
accurately by variations in air pressure (except “velocity” mi¬ 
crophones), the wavy “transverse” curve they produce becomes 
merely a graph of how the air pressure varied when the train 
of waves struck the diaphragm, and not at all a picture of how 
the air particles move. The air particles do not pass along in 
wavy “transverse” curves, but move back and forth in very short 


* The human car has a somewhat analogous construction. A “horn/* now rudi¬ 
mentary (the outer ear), a diaphragm (the drum), and a lever system (the ossicles) 
are present. (See Chapter 5.) 
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Straight liaes as the “wave” passes along. In Figure 8 a, the heavy 
black circles represent diagrammatically the regions of greatest 
compression in the expanding sound waves produced by a simple 
form of vibration. The largest circle represents the first wave 
that was formed. Four additional, later, waves have been pro¬ 
duced and the compression part of the fifth is being formed at 
the source. The individual air particles move backward and for¬ 
ward in the directions indicated by the small arrowhead lines, as 
the waves pass outward. The grapA of the variation in air pres¬ 
sure produced by these waves as they pass a given point is 



{a) (^) 

fig. B-Simple sound waves with graphs of pressure variation. 


indicated by die wavy line, and this latter is the type of record 
secured from recording devices such as the oscillograph. A 
simUar diagram is shown in b, representing a vibration of double 
the frequency (the octave), but of less amplitude (softer tone). 

Figure 9 illustrates the formation of complex waves. At a, let 
us imagine a reed vibrating in complex vibration, starting at 
dotted-line position i, traveling to 2, back to 3, then to 4, an 
then to I to start the next cycle. When it swings from i to 2 
it produces a strong compression. When it swings back to 3, 
a rarefied region results. When it swings to 4 another com¬ 
pression is formed, though a weaker one than the compression 
formed when it traveled as far as posidon 2. When it swings 
back to I, another rarefaction is produced, but this time a more 
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marked rarefaction than when it traveled only to position 3- 
These variations in air pressure are translated into corresponding 
differences in the height of the line produced by a recording in¬ 
strument, as shown in the wavy curve. Three waves have been 
produced in the diagram, the secondary compression of the third 
wave having just been completed and pushed away by the reed s 
traveling to position 4 (full line). Such a curve as this, having 
one auxiliary hump in each fundamental cycle, is produced by a 
complex vibration which contains in addition to the fundamental 
a vibration at double the frequency of the fundamental, and 
shows therefore the presence of the octave in the original tone. 



Fig. 9 —Complex sound waves with graphs of pressure variation. 


In b, another complex wave is shown. Here the fundamental 
frequency is the same as in a, since the distance between the 
points of maximum compression is the same, but instead of the 
second partial being marked, it is here the third partial, since 
three approximately equidistant humps mav be counted in each 
fundamental cycle. 

Figure 10 shows actual oscillograph records of fourteen tones 
of the same pitch, A-440. The first illustration is that of a timing 
fork, which vibrates practically in S.H.M., giving rise to a prac¬ 
tically pure tone. The graph is seen to be a sine curve. No other 
record is even approximately pure, although if the various in¬ 
struments were played at higher and higher pitches, the wave 
forms would simplify more and more, as has alreadv been men- 
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tioned. Various degrees of complexity in the wave forms of 
Figure lo reflect corresponding variations in the air pressure of 
the original wave, these relative compressions and rarefactions 
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Tuning Fori 

Violin ~ Open A string 
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Viola ~ Open A string 

Flute 
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Alto Saxophone in 


Trumpet in 
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Piano 

Organs OpenDiapasonpipe 
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Soprano 
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Mezzo - soprano 


Contralto 



Tenor 


instruments sounding A-440- 


fig. 10—Oscillograms of different 

having been produced by similar complexities m the origin^ 
vibration form of the sounding instrument. And when this 
vibration form is undergoing a change, a correspondmg chan^ 
in the recorded picture is produced, as in the wave forms m 
Figure 5, page 22, which show the variations m a baritone 
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voice on Middle C, during the vibrato cycle, each cut contaming 
about four complete waves. 

It is difficult to visualize the ease with which the air particles 
follow such complex changes in the pressure they are under, but 
we have many proofs that they do. And it is easy to recall how 
an extremely complex mixture of several wave motions on a 
water surface affects in a correspondingly complex fashion any 
floating chip. We know that if a large number of simple vibra¬ 
tion forms of different frequencies are present at the same time 
in some vibrating body (such as in most musical instruments), 
its resultant motion (the motion that it actually undergoes in 
its attempt to satisfy the demands of all of its many components), 
is an extremely complex motion, and far from anything ap¬ 
proaching S.H.M. In the case of tones containing inharmonic 
elements, the complexity is even greater. And yet, no matter 
how complexly such bodies vibrate, they give rise to trains of 
air waves which exactly parallel every changing movement of 
the source. Every movement or partial movement of the sound¬ 
ing body which is toward the hearer, no matter how small, 
causes a tiny compression to start toward him; every movement 
or partial movement in the opposite direction causes a corre¬ 
sponding rarefaction to follow the compression. These complex 
air waves, when they reach a receiver, such as the diaphragm of 
a recording microphone, set it into vibration which is a more 
or less faithful copy of their own movement. Through electrical 
magnification (as explained on page 47), we can secure these 
oscillograph “pictures” of the manner in which the air pressure 
varied, or in other words, of how many subordinate “peaks” 
(compressions) there were to each principal one. And that will 
be the key to the marmer in which the vibration took place orig¬ 
inally in the sounding body. Thus we see that in the open dia¬ 
pason pipe record in Figure 10, the tone contains, among others, 
a strong third partial; while the mezzo-soprano record reveals 
the presence, among others, of strong second and seventh partials. 

The curves of Fiaure 10. however, should not be ronsidered 
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as necessarily typical of these instruments. Variations between 
instruments, or between several players on the same instrument, 
are responsible for many, and frequently large, variations in the 
tone quality. And if the records had been made at different 
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pitches or at different in¬ 
tensities, they would dif¬ 
fer greatly. For example, 
Figure ii illustrates the 

O 

differences produced in 
the tone of an oboe as 
the pitch rises by whole- 
tone steps from its low 
Bb (Bbas) to high D and 
then F (Feo), the highest 
tone of the oboe. The 

progressive simplification 
of the vibration form is 
evident. A somewhat 
similar simplification oc¬ 


curs if we produce a 

mwmmwmwm 

^VW\A^A/'AAA^^AWV^^ gle pitch- 

II is impressed with re- 

mmmmmmmm tzt * t r r: 

Fig. 11-Change of tone quality in the oboe with donC, for eX- 

increasing pitch. ’ 

ample, in the making of a phonograph record, where the 
edae of the groove is a miniature replica of the graph of the 
endre sound wave; and if some sort of a stylus or needle is 
made to trace die path of the wave, a reproduction of the ang¬ 
inal sound occurs. Compressions and rarefactions are pro uce 
by the vibration of the needle in )ust the pattern that they orig- 
inallv formed when the record was made by the original sound 
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Fig. 12—Analysis of complex wave into 

two partials. 


Usually they are strengthened 
by electrical amplification. This 
will be further discussed in 
Chapter 6. 

Harmonic Analysis 

The process of determining 
what overtones are present in a 
complex sound is termed har¬ 
monic analysis. It may be done 
in a very rougji v/ay by examin¬ 
ing the oscillograph cvurves vis¬ 
ually, or by the use of Helmholtz resonators as previously de¬ 
scribed. It should be done, however, with much greater accuracy 

—^for instance, by tracing the 

curve with a delicate machine 
called the Henrici analyzer, or by 
various electrical methods. Figure 
12 shows a curve and its analysis 
into two partials, the fundamental 
and the octave. If the vibrations 
represented by the last two curves 
could be simultaneously produced 
by two pure sources, such as tun¬ 
ing forks at the proper frequency 
and amplitude, the vibration form 
represented by the top curve 
would be reproduced in the air, 
and we would hear a copy of the 
original complex tone. It is easy 
to see what a useful tool harmonic 
analysis can be in the case of 
much more complex sounds. Thus, Figure 13 shows one com- 
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Rg. 13—^Analysis of complex wove from 
organ pipe into twelve partials.* 


Miller, Dayton C., The Science of Musical Sounds, page 125. New York, 
The Ma cmillan Company, 1916. 
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plete wave of the graph of an organ pipe tone of a certain quality, 
followed by its analysis to the twelfth partial (fundamental and 
first eleven overtones). It is seen that these partials do not have 
to start “in phase” with each other—in other words, the curves 
do not need to cross the zero line at the same time.^ 

Having analyzed the tone into its components, we may again 
synthesize it from its components. If we produce sounds from 
twelve different pure sources having the frequencies i, 2, 3, 4, 
etc., times the fimdamental frequency (in other words, lymg 
in a harmonic series), and adjust their amplimdes to match those 
shown in the analysis, their tones will fuse into what we would 
hear as an organ pipe tone of that particular quahty. And ]£ m 
addition we were able to produce them in the particular phase 
relation shown in the analysis, the graph of their summauon 

would reproduce the top curve. 


Principle of Superposition 

It should be clear by now that vibrating substances (inclu^g 
the ah) have no difficulty m responding to more than one vibra¬ 
tion form at the same time. Furthermore, the various vibration 
forms do not even have to be in a harmonic senes rfauon, nor 
do they have to be produced by a single source. Thus m ffie 
experiment already mentioned, in which music was 

Sieral floors away, the md carried a mffidtudc of vibrauons 
Trom the piano wires and soundboard at the s^e time without 
d^^rfve interference. This was proved by the fact that when 
another soundboard, such as the back of a viohn, was rested on 

— TS;;:, m Fir.,. .3. .. 0. ^ 

Ac fondamenul (fim ‘(second paroal) is in a rarcfacOM phase 

phase, at the same nme that partials are seen to be almost 

(below the line). The fourth, fi , ’ ^jg^th are in rarcfacnon phase, 

at the zero line at this instant, w relations of the pariids do 

Many experiments have shown a provided the relanve 

not change the quality of the tone £„rnis which would appeal 

strengths of the parhals „^ji,rg^Uhable m the ear. TTcrc b, how- 
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top of the end of the rod, the music became audible throughout 
the room, and was easily recognized as being produced by a 
piano. If a chord of six tones, for example, was heard and recog¬ 
nized in the lecture room, the only inference is that a wooden rod 
can simultaneously respond to vibrations of at least six different 
types, since this many fundamentals were present. And since 
piano quality was recognized, many overtones must also have 
been transmitted. The fact that a phonograph needle, or a radio 
loud-speaker, can transmit the many tones of an orchestral en¬ 
semble simultaneously, proves that they are capable of respond¬ 
ing to many vibration forms simultaneously, just as the air may 
have a large number of vibratory motions existing in it at the 
same time. 

All of these are examples of the principle of superposition, 
which we define as follows: Two or more different wave trains 
(series of enlarging spheres of compression and rarefaction), 
from one or many difierent instruments, voices, or other sources, 
may exist in the air (or in any other medium), at the same time. 
These series of pulses will travel through each other without 
destroying each other, in a similar manner to that of circular 
waves on water. The actual position of any particular air par¬ 
ticle at any instant will be the resultant of the forces acting on 
it from the various series of waves. But the wave trains will not 
be destroyed. As Bragg says, any number of sounds can use the 
air at the same time. Suppose that when a sound was traveling 
across a certain air space no other sound could travel in that 
same space, or at least could not travel without the sounds seri¬ 
ously affecting each other. What confusion would result, which 
even our ears, marvelous as they are, could not disentangle! 
Thus it is both remarkable and fortunate for us that however 
many sound wave trains are already present in a certain space, 
and in however many directions they are traveling, a new wave 
train can find its way across that space just as easily as if no 
other sound were there. Of course, as Bragg emphasizes, this 
does not mean that the ear, or rather the brain, already trying 
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to analyze a mixture of sounds, will be as sensitive to the new 
sound as if there had been silence until the new one came. 

The principle of superposition enables us to pay attention to 
one sound in the presence of others. It is hard to understand 
how these waves can go through each other without being de¬ 
stroyed, unless we remember that water waves do the same thing. 
Light waves go through each other with ease also, or else wc 
could not see clearly one object in a room through all the waves 
crossing and recrossing from all the other objects. 


Interference 

If two superposed wave trains are from sources having the 
same frequency, there will be points where the atmospheric dis¬ 
turbance due to one of them is always met by an equal and oppo¬ 
site force from the other. Thus, when a compression is arriving 
at such a point from one wave train, a rarefaction is arriving 
from the other, and vice versa. At these exact points there will 
theoretically be sUence. At other points, the compressions wUl 
arrive together and the rarefactions together, making the sound 
louder than that due to either single source. These re^ons of 
comparative silence and unusual loudness make up what is called 
an interference field, though the term is a misnomer when we 
consider the wave trains as a whole, for if they are not of too 
great amplitudes they pass through each other vwthout being 
destroyed, “interfering” with each other only to the extent of 
strengthening each other at some points and neutralizing each 
other at others. The energy which vanishes at one point alwa^ 
reappears at some other point, and, as Colby says even though 
the distribution is modified, the total amount of the outward 
flow of energy is equal to the sum of the outputs of the two 

sources. We seldom experience the sensation of complete silence 
in proximity to sounding bodies, because if one ear does happen 

to L at a silent point the probability 

not be, and will therefore hear the sound. The dead “ 

an auditorium may be due to an interference held set up by 
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source and its reflected echoes. If, for a certain pitch, the sound 
waves reaching the ear of a hearer directly from the stage are 
exacdy one half wave-length “out of phase” with those reaching 
him through reflection from a near-by wall, that particular pitch 
wiU be greatly weakened, although not completely silenced, since 
the amplitude of the reflected wave is always somewhat less than 
the direct one. For a hearer in another position that pitch is 
likely to be strengthened and another one weakened. However, 
the “dead spots” are usually produced by the uneven distribution 
of the sound by curved walls or domed ceilings, as explained on 
page 66, and in this case are not limited to certain pitches. 



Rg. 14—interference of wcrves from tuning fork prongs. 


The phenomenon of interference is illustrated by the tuning 
fork. When a tuning fork is held free in the hand, its sound 
is extremely feeble, due largely to its lack of a resonance box, 
but also in part to the fact that the prongs always vibrate in 
opposite directions. One prong is often producing for a certain 
listener a compression while the other is producing a rarefaction, 
resulting in more or less weakening or destroying of the sound. 
If the fork be slowly rotated about its axis near one ear, four 
silent points will be noticed, caused by interference between the 
wave trains coming from the two prongs, since at certain points 
the waves from one prong neutralize those from the other. 


•ms can be better understood from Figure 14, looking at the ends 
of the prongs. In a. at the instant that the prongs are approaching 
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each other, compressions are being “squeezed out” from between them, 
but at this same instant, rarefactions are being formed in the wake of 
the prongs (at points p). A half period later. Figure 14^, while the 
receding prongs are “stretching” the air between them into a rare¬ 
faction, compressions are being formed in front of the prongs, as in¬ 
dicated- The result of the interference of these two series of waves 
is that, in the directions indicated by the dotted lines in r, no sound 
is heard. However, in this case, by simply passing a pasteboard tube 
over one of the prongs, the waves from this prong are in part inter¬ 
cepted, the interference is lessened, and an augmentation of the sound 
results. More sound is then heard from one prong than formerly 

from two. 


Beats 

A special case of the principle of interference occurs when two 
tones sound at the same time but at slighdy different frequencies, 
the resulting pulsations of tone being called beats. This may be 
understood by imagining two persons clapping hands, one at 
the rate of three claps a second, the other at the rate of four. 
Their claps wUl coincide once a second, and when they do they 
will sound doubly loud. Beats result from the alternate comcid- 
ing and interfering of two wave trains, for when a pulse of com¬ 
pression coincides with another pulse of compression, ^d 
rarefaction with rarefaction, the sound is strengthened; but wh^ 
a pulse of compression coincides with one of rarefaction the 
sound is weakened. Imagine two tones, vibrating loo times and 
loi times a second. If they start out together, m the same 
“phase,” at the end of half a second the one will have i^de 50 
vibrations whUe the other has made 50/2 vibrations. Thus a 
compression in the first wUl be opposing a rarefaction m the 
second, and the resulting sound wUl be weakened or even per¬ 
haps destroyed completely for an instant. 

hundredth vibration of the first, the second will have made a 
hundred and one, they wUl be in step agam, and the resultmg 
sound wdl be louder than that from either one separate y. 

Thus, when two sources are fairly dose m pitch, the e^ usi^y 
hears neither pitch separately, but an intermediate pitch, which 
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undergoes variations in loudness, called beats. Sometimes the 
intermediate pitch may seem to be undergoing a pitch vibrato, 
also. The interval between two beats is the time taken by one 
tone to gain a complete vibration on the other, so that the num¬ 
ber of beats per second will be the difference in frequency be¬ 
tween the two tones. For example, if two tones of frequencies 
no and 125 are sounded simultaneously, they would produce 
125 minus no, or 15 beats per second. 

Figure 15 is an oscillograph record illustrating the production 
of beats. The recording film was here moved very slowly so 


Rg. 15—Beats from two tuning forks. 

that the individual vibrations are not discernible. At « a 440 
tuning fork was struck. The very wide and sudden initial am- 
pHtude is the result of the noise of the blow. It vanishes im¬ 
mediately, but is succeeded by the almost instantaneous increase 
in the amplitude of the fork and its resonating box to a maxi¬ 
mum, from which the amplitude begins to decrease slowly. This 
decrease, from a to b, illustrates the slow weakening in the 
loudness as the tone begins to die away. At ^ a 435 fork was 
struck, both forks being on the same resonator box. Beats were 
immediately produced, at the rate of five per second, and the 

strengthening and weakening of the resulting tone is 
clearly seen. Any five consecutive beats cover a second of time. 

Naturally, the nearer the generating tones approach each 
other, the slower the beats become, so that two tones can be tuned 
to unison very accurately by tuning them free of beats. And since 
most tones contain at least the first overtone (the octave), it is 
possible to tune octaves very accurately by eliminating the beats 
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between the overtone octave and the played octave. Violin 
players “true up” double-stopped octaves and other intervals in 
this way. An excellent way to observe beats is to try to hum the 
same tone while blowing a mouth-organ tone. The effect will 
also occur with overtones, either of the mouth-organ tone or of 

the voice. . 

Beats have at least one artistic usage. Such organ stops as voix 

celeste” or “unda maris” consist of two ranks of pipes, one tuned 
slightly sharper or flatter than the other. Occasionally such a 
stop will even have three ranks, one at normal pitch, one sharper, 
and one flatter. In other words, every key on an organ wiA 
such a stop drawn wiU blow at least two pipes tuned slightly 
differently. The resulting waviness, caused by slow beating be¬ 
tween them, gives the characteristic pseudo-vibrato effect of these 
stops The uncertainty in the pitch is a definite advantage m 
many types of music, “softening the edges,” as it were, and in¬ 
troducing elements of tendern'ess, vagueness, or mystei^. Per¬ 
haps the development of such stops is another example of an 
attempt, not always successful, to secure a satisfactory imitauon 
of the voice vibrato. And, as has been mentioned on page 25, 
for some reason such a vibrato, which involves primarily only 
the intensity instead of the pitch, seems most effective at slovver 
fpeeds than^ are desirable for the vibrato which do« mWve 
phch, as in the violin or voice. Perhaps, however the reason 

lies in the particular types of tone quahty mvolved. 

'"r -rief 

Zht do^;- d.e pip. o£ .ch 

pull each other the fact that the air is simply 

streaming hack and forth from is to be noticed 

sound energy to the surrounding at . oincs which are even 

with adjacent large and tad too closely to each 

a semitone or whole X is tmenmes affected also, by 

l“n’ant anrrul^r rendered very difficult or impossible, because 



_ SOUND WAVES AND THEIR CHARACTERISTICS _61 

each afiects the pitch of the other. If the speaking mouths are turned 
away from each other or suflRcicntly separated, the “coupling is neg¬ 
ligible, and the pipes have little or no effect on each other. In the case 
of a properly laid out stop of voix celeste pipes, neither pipe of any 
pair will pull the other pipe-tone into unison with it, but the beating 
will continue, unless they are tuned extremely close, when they may 
pull into unison. 

Even a single pipe may be made to beat and sound out of tune 
with itself! If two tuning forks which are sufficiently out of tune to 
produce beats are brought close to an organ pipe tuned close to them 
in pitch, the pipe will reinforce the sounds of both of them. In other 
words, the column of air in the pipe is responding at the same time 
to two different driving frequencies from two distinct systems, and 
each series of vibrations, even though they are brought quite near to 
coincidence, continues to affect the other. The result is that the pipe 
appears to be beating at an average pitch, as if it were producing two 
tones itself, instead of striking a balance and resonating without beats 
to an average pitch. 

Difference Tones 

As the generating tones are separated more and more, it be¬ 
comes increasingly difEcult to hear them as fused into a single, 
average, beating tone. We tend instead to hear the separate 
generating tones with their accompanying dissonance. As this 
occurs, the number of beats increases beyond the point where 
they can be separately distinguished. When beats from strong 
sources follow each other at the rate of about 20 or more per 
second, and particularly when they are produced by two loud 
tones on the same instrument, instead of by two different in¬ 
struments, they produce a tone called beat tone or difference tone, 
with a frequency equal to the difference between the generating 
frequencies. The violinist Tartini was among the earliest ob¬ 
servers to call attention to difference tones. They usually have a 
“subjective” character, as if they were sounding inside our heads, 
and not reaching us from the air outside our ears. As a matter 
of fact, they are produced by an asymmetrical response of some 
vibrating part when caused to vibrate at large amplitudes, and 
this vibrating part, though sometimes a part of the instrument 
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or its contained air, is frequently the drum or ossicle-chain of 
the middle ear itself, or even some structure in the inner ear. 
Whenever such a vibrating body fails to respond with move¬ 
ments proportional in both directions to the forces applied to it, 
as when the elasticity is defective, extraneous frequencies are in¬ 
troduced. And when a body is forced to respond to two fre¬ 
quencies at once, unless they are very soft tones, extraneous 
frequencies appear, the most prominent of which is that of the 
difference between the generating frequencies. The two-toned 
toy whistle produces a clearly audible low difference tone. With 
either side sounding alone we hear but one tone; with both sides 
sounding we can distinguish three tones. The effect is often to 
be noticed with two high soprano voices, or in a soprano and 


flute duet. 

Since any two tones separated by at least 20 vibrations may 
produce a difference tone, the number of possible difference tones 
in an orchestral ensemble becomes very large. Because of the 
complexity of the result when several difference tones are com¬ 
bined with their generators and with each other, their contribu¬ 
tion to the total effect is largely as noise. However, smce they 
are so much softer than their generating tones, this contribution 

is of minor importance, and seldom sensed. 

Difference tones are sometimes employed m organ construc¬ 
tion. The lowest pedal pipes, since they are so large, become 
quite expensive to construct. Also, they {recently need to be 

pipl are sometimes imitated by producing difference tones be- 
roeen higher (smaller) pipes, although this is fr^uently an 
unsatisfactory substitute. For example, the lowest o 

,0 be approximately 32 feet long if an open P'P'- “ ^ j 
metal it would weigh close to a thousand pounds. The pitch 
tfiis pipe may be faked by sounding two pipes, one of approiu- 

mltelfid feet and one of .0% feet (or, if stopped pipes, 8 feet 
. \ , r X . L- u and x8 times a second, respec- 
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i»tively, giving a difference tone of i6 vibrations. (The second 
and thir d partials of a fundamental of i6 would be 32 and 48.) 
If room for pipe height is the only consideration, such tricks are 
not necessary, however, since pipes may be mitered or doubled 
back on themselves with little or no loss in volume or quality. 
The difference-tone principle has even been used occasionally to 
secure “64-foot” tone, in which the lowest difference tone would 
have a frequency of 8 per second. The importance and value 
of such a “tone,” with its fundamental lying so far below the 
usual lower pitch limit of audibility, is open to question. 

Some theorists draw a sharp distinction between beat tones 
(beats above 20 per second) and difference tones, but for our 
purposes we may consider them as being closely related.® 

Summation tones exist also, and have frequencies equal to the 
sum of the frequencies of the two tones which generate them. 
They are less easily heard than difference tones, and of little im¬ 
portance in music. 

Reflection; Types of Echoes 

* 

Passing mention has already been made of the reflection of 
soimd. We practically never hear any sound that has not been 
subjected to some reflection. Let us now consider this property 
of sound waves in more detail. 

Reflection is the bouncing back of sound waves when they 
strike a surface, such as the walls, floor, or ceiling of a concert 
hall. In Figure z 6 a, three soxmd waves arc indicated, traveling 
outward from the source at s. The first has reached a wall and 
is just beginning to be turned back. In b, it has been further 
reflected, with constantly increasing radius, while the second 
wave is just beginning its reflection. In c, all three waves have 
been reflected, and are continuing to expand as if coming from 
a source at /, the same distance behind the wall that r is in front 

ssec Beatty’s Hearing in Man and Antmah. pp. 94-98, tor further justification of 
tlus assumption. An elucidation of the differences between beat tones and difference 
tones may be found in physical treatises on sound. 
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of it. This “acxjustic image” is quite ^similar to the mirror image 
in the case of lig^it, which appears to be as far behind the mirror 

as the actual object is in front of it- 

If for any reason we imagine sound to travel in lines or 
“rays,” a single ray is reflected in a way similar to the bouncing 
of a ball, or the reflection of a ray of light, in both of which the 
angle of reflection equals the angle of incidence. Thus, in Figure 

i6c. the 'portion of the sound energy that is 
ijaveling in the direction of the diin line is 
reflected, as shown in the dotted line, at an 
equal angle with the perpendicular, the angle 
of incidence / equaling the angle of reflection 
R. It is seen that the new direction is in a 
line au/ay from /. It should be mentioned, 
however, that the reflection of sound is sel¬ 
dom if ever precisely limited to straight lines 
to the extent that the reflection of light ap¬ 
pears to be. There is some spreading of en- 
^ __ of the true 





s • 



s' 


Hg. 16 —Reflection of sound waves by piano 

wall. 


angle of reflection- Common 
reflecting surfaces are not 
large enough in proportion to 
the wave-lengths of sound to 
prevent considerable scatter¬ 
ing or spreading- This will 

be discussed under Difiraction. We must rememb^ 

is an abstraction, and that in soi^ we have always to deal wth 

suherictd wave-fronts of increasing radius. ’"•■r 

^ xefleiing sSace is tdatiyely large, soupd J 

ocrocndicularly will be returned to its source as a 
Sound striking it obliquely will be reflected (at an ^ 

to a distant pomt, also a simple in 

»oduce the effect of apparent c^^ to *^“**T. 
as when at a street corner the noise of an i 





SOUND WAVES AND THEIR CHARACTERISTICS 65 

fleeted from an opposite wall. The reflection of sound is what 
enables a blind person to know how near he is to a wall, and 
the same principle is used in depth-sounding by vessels and in 
altitude measurements by airplanes. 

Two or more reflecting surfaces will give rise to a multiple 
echo. Instances have been reported of places where as many as 
thirty or forty distinct and separate echoes can be heard. 

Sometimes a reflecting surface is of such a nature as to return 
only some of the harmonic partials of a complex tone. For ex¬ 
ample, the edge of a woods will sometimes appear to return a 
tone as its octave, the fundamental having been filtered out, as 
it were. This is called a harmonic echo. The opposite condition 
prevails when certain types of wall construction reflect low tones 
better than high tones, and thus tend to purify complex tones 
by screening out their high partials. When there are a large 
number of reflections in such a room before the sound dies out, 
the sound thus becomes less brilliant. 

A series of regularly spaced palings or steps will reflect echoes 
of a sharp, impulsive sound, which will arrive at the ear each 
a little later than the preceding one, and at regular intervals. 
Since a rapid series of impulses reaching the ear at regular in¬ 
tervals gives the sensation of pitch, these echoes are perceived 
by the ear as a short, somewhat musical tone, whose pitch depends 
not on the original sound, but on the distance between the succes¬ 
sive reflecting surfaces. A pistol shot echo will have a musical 
ring in such a case. This is called a musical echo. A good ex¬ 
ample is heard when the noise of the starting gun at a track meet 
is reflected from the opposite side of a nearly empty stadium. 
The phenomenon can frequently be noticed as a “ping” when 
walking beside a picket fence, especially in cold, dry weather, if 
the heels be scuffed on a hard surface or the hands sharply 
clapped. It is sometimes to be noticed in auditoriums where 
architects, unaware of the phenomenon, have called for or¬ 
namental grilles with equally spaced slats. Even the applause 
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in such an auditorium takes on a curious pitch-aspect. If slats 
or beams or other reflecting surfaces in an auditorium are equally 
spaced but far enough apart so that the individual echoes do not 
occur at a great enough frequency to be heard as a pitch, a flut¬ 
ter echo” is sometimes heard. 

Uneven Distribution of Reflected Sound 

An uneven reflection of sound is the explanation for the phe¬ 
nomena of “whispering galleries.” Thus, in Figure ija, sound 

“rays” from a source at s are 

being reflected by the curved 
wall so that they travel ap¬ 
proximately in a single direc¬ 
tion, to the right, instead of 
spreading in all directions. 
This is similar to the focus¬ 
ing of light by curved mirrors. 
Persons inside the beam hear 
well, those outside, poorly. If 
such a beam meets another 
timilar cuTved Wall, the rays are 
made to converge again to a 
still stronger. However, as has 
n nf sound does not follow these 










(a) 



Hg, 17—Reflection of sound waves 

curved walls. 


hy 


rules as precisely as does the reflection ot lignt waves, xn 
to secure precise focusing of a sound by curved rectors *e ^ 

_ of the reBectors need to be many times the wa^length 

of the sound. Tbe same principle U applicable m sound scre^ 
if large sound shadows are required, as is discussed later under 

Difiraction. 

Another type of uneven distribution is f 

J 7 b where a sound generated at r tends to hug the arcute 
waU through successive reflections, being heard louder along Ac 

wall than at points away from it. 


; » 
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Whispering galleries are effective for persons placed in cer¬ 
tain positions, but are generally bad acoustically, because the 
sound is not evenly distributed so that all may hear. Since they 
are always associated with concavely curved walls or domed 
ceilings, these should be avoided in the designing of auditoriums, 
except possibly at the back, sides, and roof of the stage, where 
curves of large radius will aid in projecting the sound out to¬ 
wards the audience. Plane walls and a rectangular shape will 
prevent the focusing and concentration of sound at certain 
regions to the detriment of others.® If concavely curved surfaces 
are employed, they should be designed, as Sabine says, so that 
the centers or axes of the curvatures do not fall either near the 
source of sound or near any portion of the audience. In halls 
where such curved surfaces already exist and cannot be reshaped, 
the offending surfaces should be coffered to break up the reflec¬ 
tion, or covered with absorbing material. And since concavely 
curved surfaces tend to concentrate sound, convexly curved sur¬ 
faces (such as wide cylindrical pillars) tend very effectively to 
disuse it. Rccendy, several broadcasting studios and music halls 
have been designed with such cylindrical surfaces on walls and 
ceiling, in order to secure a thorough spreading of the sound 
energy throughout the room. 


Reverberation and Absorption 

The principles of acoustics, particularly those pertaining to re¬ 
flection, are of great importance in the designing of rooms or 
auditoriums in which music is to be performed. A sound heard 
in the open air will change its character considerably if some sur¬ 
face be placed near by to reflect part of it back to the hearer. 
This is illustrated in the marked change in the noise of an auto- 


*1116 efiKt of various shapes of auditoriums may be studied through geometrical 
me*ods or by obseryiag the action of water ripples in a ripple tank shaped like a 

1^' ■»*' McCpiwHUI 
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mobile, noted by a passenger when the automobile passes from 
open road into a hedge-lined section of road. Similarly, the 
noise of a train varies greatly when it passes a building wall close 
to the track, or when in hilly country it alternately travels over 
fill-ins and between high banks. In these cases, the reflecting 
surfaces are so near to the source of the sound that the original 
sound merges with its reflection. In other words, no echo is 
heard, the word echo usually implying a return of the sound 
from a reflecting sturface far enough away to permit an interval 
of relative silence between the original sound and its echo. 

Similarly, speech when confined in a narrow corridor sounds 
quite different from its soimd out-of-doors. Here again the dif¬ 
ference is caused by the merging of reflections of the sounds with 
the original sounds, no distinct echoes being heard unless per¬ 
haps from a fairly distant wall at the end of the corridor. In an 
ordinary room, having moderately hard walls, there may be 
several himdred rapid, successive, overlapping reflections of a 
sound from walls, ceiling, floor, furniture, and so on, before it 
becomes inaudible. This will strengthen the sound for the 
hearers, and, if the reflecting surfaces are not concavely curved, 
will have the advantageous effect of distributing the sound en¬ 
ergy fairly equally throughout every bit of the room. Instead 
of a listener hearing a single impulse from a certain direction, he 
will hear a roll of sotmd of decreasing loudness, caused by the 
summation of overlapping waves from every direction, appear¬ 
ing to fill the room more uniformly, and incapable of analysis 
into distinct reflections. (And, of course, in large halls there may 
even be a distinct, separated, echo—an effect which is always 
bad.) This phenomenon of a continuing roll of sound is called 
reverberation. It is really a multiple echo, but with the individ¬ 
ual echoes so numerous and so close together as to overlap, as 
in an auditorium with hard walls. Another example is found 
in the two walls of a canyon, where the discharge of a gun is 
heard not as a single sound, but as a prolonged rumble like 
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thunder. In fact, the rolling of thunder itself is caused in part 
by multiple reflection from many cloud and earth surfaces.® 

The length of time that a sound continues to be heard in a 
room, through reflections, after its source has stopped sounding, 
is called the reverberation time of the room. An arbitrary defi¬ 
nition has been given to the term by engineers—the time required 
for the residual sound (a pure tone of 512 cycles is usually used) 
to decrease to one millionth of its original intensity, or for the 
intensity level to decrease by 60 decibels. (See page 206.) The 
usual sensation level of speech or music in an auditorium is 
roughly in the neighborhood of 60 decibels, one million times 
the minimum audible intensity. 

A certain amount of reverberation is useful in increasing the 
sound energy in the room. Thus, soft music might not be heard 
in the open, where there were no walls to confine it. As Mills ® 
says, “A string quartette or a vocal soloist is at a disadvantage 
when there is no reverberation. On the other hand, whether by 
tradition or otherwise, a band seems more mellow in the open 
air where its (loud) sounds are quickly dissipated and only the 
direct sound reaches the listener.” In a hall, the intensity may 
be increased severalfold over that which would be heard coming 
directly from the source in open air. What this means, however, 
is that each sound, instead of dying out quickly, keeps on sound¬ 
ing and interferes more or less with the sounds coming after it. 
As Watson has said, if music be played in a room with too long 
a reverberation time the effect is similar to a piano being played 
with the damper pedal kept down, and the result is not only 
louder, but badly blurred. The reverberant sound in a hall may 
have a ratio as great as ten times that of the direct sotmd. If a 

8 Another cause is the fact that the zigzag lightning streak which gives rise to the 

inmal clap may extend a long distance and have one end farther from us than the 

oth^. Smee sound is being generated all along the streak, but takes longer to reach 

us the farther away it is generated, this wUl have the effect of “stretching out” the 

mioal clap into a continuous roar or roll, although of uneven loudness because of the 
uneven direction of the streak line. 

8 Mills, J., A Fugue in Cycles and Eels, page t66. New York: D. Van Nostrand 
Caoinpany, Inc., 1935. 
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lecturer is speaking we have difficulty in understandmg hu 
since several syllables are always sounding at the same time. J 
creasing the loudness of the source may make matters worse m- 
stead of better. On the other hand, if the reverberation time is 
too short, the room seems too “dead," and speech and especial y 
music become too crisp and staccato, a condition popularly 
termed non-rcsonartt. ThU has a bad psychological effen on lis¬ 
teners as well as performers. A reverberauon tune of from one 
to two seconds seems best for all purposes, although a longer time 
is acceptable in larger rooms, and a longer tune is tolerable for 
music dian for speech, since the components of speech ae usua y 
not sustained as long as those of music. The extremely lo^S r ' 
verberation in large cathedrals has been at least pardy responsib e 
for the type of liturgical music which has developed, pMtiMlar y 
r * sWtLpi i^d monotone chanting. It may aUo be the 
exo Ladon of the slowness of satisfactory organ tremolos in 
rf ttorto the normal speed of the voice vibrato, as discussed on 

Wrion is the weakening of sound waves through incona- 
AOsorpiion a large amount of sound, 

^r^rM" Fdt abmrbs a lar^ Vfc:Sedte 

?“hXaion which is not reflected. 

:^Xcaul Sr ’ g lost in .e — of t^/" 

face or ^f^tt^Ul of thi walls, ceiling, and floor is 

absorption. Thus the action of a room, 

of great ability to absorb or ™s- 

because „i,h smooth surfaces, which allow 

nut sound. Hard suDstan openmgs 

no entrance of portions j friction, will re- 

where them weakening. A room with hari 

fleet sound with very uli ^ ^ 

smooth walls will react on soun ^ ^ 

lined with mirrors wdl react on ^ • considerabh 

passages which are very small m cross 
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resistance to the oscillating movement of air particles in vibra¬ 
tion. This friction transforms part of the energy of a sound 
wave into heat, dissipating and absorbing it. Thus, if sound 
enters a small crack in a thick wall it may be completely ab¬ 
sorbed (dissipated into heat) before it can be reflected or can 
emerge on the other side. This is the reason why the channels 
and interstices in felt, carpets, and other porous materials are 
effective in acoustic correction in over-reverberant auditoriums. 
If one is accustomed to the sound effect in a living room with 
a large rug, it is easy to know when the rug has been rolled up, 
even though entering the room in the dark, by the change in 
reverberation, the room sounding quite differendy to us without 
the rug than we are used to with it. 

A few examples of the differences between materials in their 
ability to absorb soimd, as calculated for a pitch of 256 cycles by 
the Riverbank Laboratories, are as follows: 


Percentage of sound striding it 
Matertal which it absorbs {approx,') 


Hard plaster . 

Cotton draperies hung agaiiist wall ... 
Velour draperies 4 inches from wall.. 
Perforated metal enclosing i54 inch 


3 % 

8 % 

33 % 


thickness of mineral wool 
Open window (theoretically) 



Thus if an auditorium has a reverberation time of, say, four 
seconds, which means that sounds travel nearly a mile, though 
many reflections, before becoming inaudible, it may be corrected 
by covering part of the walls, floor, or ceiling with some material 
wiA a high absorption coefficient, such as heavy curtains, rugs, 
hair-felt, or some one of the many commercial products available 
for this purpose. The upholstery of chairs will cut down re¬ 
verberation time gready. Thus, in a certain opera house, when 
empty, the seats themselves supply well over 50% of the sound 
absorption. The human body is a good absorber of sound. Con- 
sequendy, in auditoriums, the reverberation time is much less 
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when completely filled than when empty or only half filled, and 
almost any auditorium is satisfactory with a full audience. The 
difference in reverberation between full and empty halls can, 
however, be minimized by using heavily upholstered chairs. 

It makes not a great difference in what part of the room the 
absorbing material is placed, since sounds which are reflected 
many times must hit every part of the room, and run into the 
material sooner or later. As a general rule, however, the stage 
should be “live,” and backed with a hard wall, to aid in project¬ 
ing the sound through reflection out to the audience, and to ^ve 
a desirable psychological reassurance to the performer or speaker. 
As Jeans has said, since the loudness of a tone as heard m a 
room is proportional to the length of the period of reverberauon 
“a long period naturally induces an exhilaratmg feelmg of effort¬ 
less power, not to mention a welcome slurring over of roug - 
nesses and inequalities of force and tempo, while a short period 
produces the despair of ineffectual struggle, the music has only 
Ld time to show its blemishes in all their nake^ess, and is al¬ 
ready dead.” Even so, the rear walls of the auditorium shou 
be relatively absorbent to prevent undesirable echoes ^d o^e - 
reverberation around the listeners. And namrally, since it takes 
more sound energy to fill a large hall than a small one, the 
greater the intensity of the sound, other thmgs equal, ^ 

not effective in an orchestral haU, nor a symphony m a small 

hall. 

Insttlation ^ a j 

When light strikes a surface it may be either: (i) 
as iTSic ca^ of a bright shiny metal surface; (a) ^-^-^jas m 

die case of a thick black ^fects also 

eaistb,g 1—1,. 

_- York* The MacmiUan 

lojeanii. Sir lames and \Utnc. page 

1. 1937* 
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The first two we have discussed. Often it is just as necessary to 
lessen the transmission of sound from one room to another as 
it is to lower the reverberation time within the rooms. There is 
an increasing demand for “sound insulation” in hospitals, studios, 
offices, apartments, airplane cabins, and so on, to prevent outside 
sounds from entering and inside sounds from passing out. Many 
concert audiences are annoyed by traffic noises from the outside. 
Walls which are not sufficiently rigid vibrate as a whole like a 
large diaphragm, passing sound readily into the next room, al¬ 
though damping the high frequencies much more than the low. 
One of the most effective ways of lessening sound transmission 
between rooms is to build the structure as rigidly as possible, 
and to construct the wall as a composite of materials differing 
greatly in density. This is because sound is partially reflected at 
every change in the density of the medium through which it 
passes. A thin film of water or of any substance of great density 
compared with air, can prevent the transmission of as much 
soimd as a much larger thickness of highly absorbent hair-felt, 
the channels of which contain air. Stewart suggests an easy way 
of verifying this, by putting cotton in the ears, then noting the 
great difference caused by the additional use of a thin film of 
vaseline or soapy water at the opening. Similarly, the 
of a watch is readily heard through a piece of cloth held be¬ 
tween it and the ear, just as the sounds of a motion picture are 
transmitted from the loud-speaker through the porous screen. 
But if the cloth or the screen is wet, so as to fill with water the 

little openings between threads, the sound heard is greatly 
weakened. 

Thus, walls which are to prevent sound transmission are built 
to contain alternate layers of greatly varying density. For ex¬ 
ample, in the Preparatory Department building of the Peabody 
Conservatory, the wall construction from each studio through 
the wall to the adjoining studio is as follows: plaster, hollow tile, 
a dead-air space, a blanket of hair-felt, another dead-air space, a 
sheet of metal, another dead-air space, hair-felt blanket, dead-air 
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space, hollow tile and plaster. Transmission from one floor to 
another is lessened by “Boating” the finish flooring on a layer of 
hair-felt or other absorbing material, so as to lessen the solid 
connection with the ceding structure of the next lower room. 
This principle is easily understood by noting the enormous soften¬ 
ing of the sound when a piece of spongy rubber is interposed be¬ 
tween the base of a tuning fork and its resonator box, or the 
deadening effect of resting the peg of a ’cello or the legs of a 

piano on a very thick pad. 

In soundproofing buildings, care must also be given to the 
proper mounting of machinery, and particularly to the proper 

design of ventilating ducts. 


‘‘Good Acoustics” 

The word auditorium derives from the Latin word for “hcaj^- 
init ” Too often, auditoriums have been designed with sohcimdc 
for'every aspect except that of how well the auditors can hear. 
The term good acoustics, when used to describe any r^m, large 
or smaU, in which one must hear, should unply: (i) a size of 
room fitted to the music or speech to be performed; (z) an even 
distribution of sound (no curved walls or edmgs with foci ne^ 
source or audience unless treated with absorbent material, Mce^ 
possibly around the stage); (3) an “optimum 

absorption of sound at any frequency, and of course 

ToPmf m oXs (soured by rigid construction, and usmg 

materials differing greatly m density). , „f o,;„f™ce- 

ttpaneling, and so on, on the 

from *e“—raefi^ntP 

"/s:XffPfdirs:lTfrXt;f around within them 
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until it is greatly weakened before being reflected out from 
them again. 

The stringing of wires or cords across an auditorium was for¬ 
merly thought to be of value in improving its acoustics. This 
idea has little or no scientific basis, although it still persists in 
the min ds of Some. Sound waves flow around such wires as 
readily as water waves flow around narrow stakes. Of course, if 
a very large number of cords of some soft material like cotton 
were stretched quite close together, there would be some damp¬ 
ing action. It would be easier, however, and probably more 
effective, to stretch strips of cheesecloth or sheeting, than to 
trouble with individual threads. 

It should be borne in mind, furthermore, that in this matter 
of the acoustics of an auditorium, as in so many other matters 
where art is concerned, the aesthetic aspect must not be neglected. 
Thus, what may be an improvement mechanically, physically, or 
even physiologically, in the production of tone or in its reception 
by the hearer, may often be undesirable because it violates some 
psychological or aesthetic aspect. And even if the aesthetic 
aspect has no more important raison d’etre than that of tradition, 
tradition may not be ignored in the world of art in the way that 
science may, and sometimes must, ignore it. For example, it 
might be thought that if any one type of music more than an¬ 
other should have the advantage of being performed and heard 
in a non-reverberant hall, this type of music is that of the pipe 
organ, with its typical sluggishness of speech, both in starting and 
stopping the tone, its definitely sustained character, and its lack 
of any percussion such as the piano has at the beginning of each 
tone. And yet most organists desire to perform in halls or 
churches which, by accepted standards of measurement, are too 
reverberant. Perhaps the reverberation, in strengthening the 
tone, gives an element of “percussiveness” and of relief from a 
dead-level sustaining of it. Perhaps reverberation is welcomed 
for its power of covering up the organ’s sluggish response with a 
far greater sluggishness of build-up and cut-off of tone. But at 
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least part of the desire for reverberation is to be explained by 
the fact that the organ has always in the past been associated with 
extremely reverberant cathedrals, and this “organ tradition” must 
be considered as well as the matter of blurring of sound. And 
when the tradition is an honored one, it becomes a desired end in 
itself. Sir Walter Parratt is credited with saying that even a 
sneeze would sound musical in St. Paul s Cathedral. And, as a 
matter of fact, even the literature which was composed for organ 
and choir has tended somewhat to be such as would be adapted to 


such halls. 

Until recently there have not been in this country many great, 
resonant, cathedrals as foimd in Europe. This fact undoubtedly 
has had its effect on such matters as the tonal design of American 
organs, as pointed out by Mr. Donald Harrison, and on the taste 
of the public for hveness or deadness in a hall. In Bayreuth, as 
Mills points out, Wagnerian music is produced in a highly re¬ 
verberant theatre. Italian opera, on the other hand, has usuaUy 
been produced in smaller halls, with tiers and balcomes, and 
therefore with less reverberation. The “Wagnerian tradition 
cannot help but be influenced by the acoustics of Bayreuth, nor 
Italian opera by the acoustics of Italian opera houses. Such in¬ 
fluences even affect later composers. The chamber music tta- 
dition, for example, has had its effect on composers. Chambei 
music has usuaUy been performed in small halls vvith little audi¬ 
ble reverberation, although it might be thought that such smal 
tones would profit by any enlargement they might receive from 


a reverberant room. 

There is evidence of a trend toward shorter reverberation 
times than in the past, particularly as more absorbent bud ing 
materials become available, as well as means for anipbfying 
sound without undue distortion. However, many misties have 
been made by over-treating music studios or other 
where music is performed, through considermg only the u^- 

rarian aspea-speech intelligibility-without the 

portant or even more important aspect, for must , 
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fitness. A music studio, church, or any auditorium where music 
is to be appreciated, should not be too absorbent. 

Diffraction 

The Dutch astronomer Huyghens has described how any 
point on a wave front may become the origin of a secondary 
series of waves, which diverge in spheres. This important prin¬ 
ciple is in reality the explanation of the reflection of soimd 
waves, discussed earlier. Furthermore, it helps us to understand 
the phenomena of diffraction, which means a change in the di¬ 
rection of sound waves caused 
by the introduction of obstacles 
around which the waves bend. 

When sound waves diffract 
around a barrier, they tend to 
fill up the “shadow” space be¬ 
hind it. When an advancing 
wave front reaches a barrier 

with a small opening, a new ,8-Diffrac«on of souod waxes. 

wave-center is produced at the 

opening. Figure i8 shows this in a rough and somewhat idealized 
form. The portions of the waves advancing from the source at s, 
which get through the narrow opening at a, begin at once to spread 
out in semicircular waves from a as a center, in the same way, as 
Bragg says, that a great ocean-wave surge through the narrow 
opening into a harbor will start a disturbance which spreads all 
over the harbor. And the portions of the new series of waves 
which get past the corners of the barrier at b and c begin at 
once to spread around into the space behind, somewhat as if 
they were originating from b and c as centers, although the 
actual situation is considerably more complicated. (Reflected 
portions of waves are omitted from this diagram in the interest 
of simplicity.) 

Thus, diffraction, this spreading effect of waves, pnable^ us 
to “hear sounds around corners.” We do not have to be able 
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to see the source of sound to be able to hear it. We do not have 
to be in a direct line of vision of an instrument to enjoy its 
sound. A sound entering an open window does not go just in 
a straight line across to the opposite wall, as sunlight would do, 
but immediately spreads out and fills the whole room, as if the 
open window were the source of the sound. Of course, the loud¬ 
ness of the sound heard depends on how high the window is 
opened, that is, on how much of the area of the original sound 
waves is permitted to enter. 

“Sound shadows” are therefore practically nonexistent, or at 
most much smaller than corresponding light shadows, and are 
vaguely defined unless the obstacle is many wave-lengths large 
in its dimensions. Thus, the lower the pitch, the less defined is 
the sound shadow. In a busy street we hear the roar of trafiEc, 
but if we go even a short way down a side street, the sound is 
soon muffled. Only the lower tones tend to persist, because the 
houses obstruct more effectively the sounds of higher pitch. If 
we hold our hand straight out to the right from our shoulder, in 
an open place where there is no reflection from walls, and rub 
the thumb on the first finger, we produce a high-pitched sound 
which is heard by the right ear. If we then cover this ear the 
soimd is no longer heard, since its wave-length is small enough 
to be prevented from diffracting around the head to the other 
ear. Sounds of lower pitch, however, easily spread around the 
head and are heard by the other ear. This varying effect of dif¬ 
fraction on sounds of different pitch can be further illustrated if 
one walks behind some large object like a billboard while listen¬ 
ing to a band concert. The low tones (long wave-lengths) 
bend around the obstacle and are heard, while the high pitches 
are enfeebled because of the greater sound shadow cast by obsta¬ 
cles which are large in relation to the wave-length. The dis¬ 
tortion in the quality may be heard in the loss of brilliance. 
Deeply recessed side-boxes in a concert hall may be similarly af¬ 
fected, particularly if lined with curtains which minimize the 

aid of reflections. 
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Thus difiEraction lessens as frequency increases. With very 
high frequencies, high enough that the wave-length is small with 
respect to the size of an opening or a reflecting surface, sound 
waves may be directed so that a large part of their energy travels 
in a rpr tain direction with relatively little divergent spreading. 
When driving past a succession of fence posts, the sound reflected 
to the driver is of the nature of a whisper or hiss (which contain 
only high frequencies), the lower frequencies having been lost by 
dMraction, having passed around and beyond the fence posts. 


Refraction 

We have seen how sound waves may be changed in direction 
through reflection, or throu^ diffraction. Let us now discuss 
a third way. Refraction is the bending of a wave front, due to 
a change in the density of the material through which it is pass¬ 
ing, or to a wind effect. The apparent distortion of a pencil in 
a glass of water is an illustration of the refraction of light waves 
when they pass from water to the much less dense air. Similar 
effects occur with sound waves. For example, soimd is better 
heard at a distance on a clear, cool evening than at noon on 
a hot day. In the first case, the wave fronts are bent down 
toward the earth because of the higher velocity of sound in the 
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upper air, which is less dense because of being warmer than the 
air immediately next to the cooling earth. In the second c a s** , 
the opposite condition holds, and the wave front is bent upward 
away from the earth. Differences of temperature of this sort 
are called “temperature gradients.” Thus, in Figure 19*?, since 
tiie air becomes warmer for some distance the Either awav it is 
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from the earth, and since the speed of sound increases the 
warmer the air is, the sound waves are distorted in the manner 
shown, and along the arrowheaded paths indicated, sound is 
being bent back toward the earth. In b, where the speed is 
greatest immediately next to the hot earth, the distortion is re¬ 
versed, and even the portions of the waves which start out to 
travel along the earth’s surface tend to be bent upward, though 
here, too, diffraction modifies the effect. 

Refraction may also occur through a bending of the wave 
fronts by winds, since winds usually blow faster farther away 
from the earth’s surface. Differences in wind velocity of this 
sort are called wind gradients.. When the wind is blowing in 




(mi rt) 

fig. 20—ReffracHon of sound waves by wind gradient. 

the same direction as the sound is traveling, the wave front is 
bent down, and sound can be heard farther, unless it be destroyed 
by friction with the earth’s surface. When the wind is blowing 
in the direction opposite to the sound, the bending is such as 
to tend to lift the sound-wave front away from the surface of 
the earth. Thus, in Figure 20<*, with the wind blowing from left 
to right, the sound waves tend to be lifted off the groimd to 
windward, and bent down toward the ground to leeward. If we 
walk into the wind, away from the sound, until it becomes in¬ 
audible, as at p, we can then hear it again if we climb a ladder. 
At a still farther distance, p\ a higher ladder is necessary. Aside 
from the sense of smell, this is the reason the hunter has the 
advantage over the bird sitting on the ground when he ap¬ 
proaches upwind, as Wood points out, because the sounds of 

11 Wood. Alexander, Sound Waves and Their Vses. page 26 . London: BkcMe fc 
Son. Ltd., 193°- 
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his approach are refracted upward and pass over the prey weak¬ 
ened or unheard. When he approaches downwind, the sounds 
are refracted downward and are well heard on the ground. 

Refraction away from the earth can be lessened by elevating 
the source, as in Figure 2.0b. Here the curvature is the same, but 
some of the sound from the bell sweeps downward at points 
distant from the source, as at p, before it continues its curving 

flight upward. 

It should be emphasized that sound waves have always a speed 
considerably greater than that of the wind, and in addition spread 
out in all directions from the source. An electric fan illustrates these 
differences between sound waves and air currents. The fan produces 
an air current in one direction, an actual movement of the air as a 
whole. But we can hear the hum of the fan in all directions, since 
the sound waves go out nearly equally well in all directions, being, as 
they are, the movement of a condition through a medium and not a 
movement of the medium as a whole from one place to another. The 
air stream produced by the fan is relatively much slower in speed 
than the sound waves radiating from it. 

Since the speed of sound in water is considerably greater than 
in air, when an air wave strikes the surface of a body of water, 
the refraction effect is such as to lessen the angle of penetration. 
If the angle at which it strikes the water surface is less than 
a certain “critical angle,” the sound wave may not enter the 
water at all, but may be completely reflected. If, then, an air-tem¬ 
perature gradient exists such that the upper layers of atmosphere 
are warmer than those near the water, or if the wind is blowing 
with the sound and faster above the water than on its surface, 
then the soimd will be refracted (bent) down again toward the 
water, and will be again reflected. Thus sound can skip along 
the water similarly to the way a stone may be skipped—as in 
Figure 21, which shows the direction taken by one “ray.” 

Giins, and the barking of a dog, have been heard across eight 

12 Humphreys points out that if this occurs on a river bordered by high cliffs, a 
sdll further confinement of the sound occurs. The river is then one surface of a 
gigantic speaking tube, * and sound may travel to a surprising distance. 



miles of water, and the paddies of a steaima across fi&em lES&ldlw 
Herschel has reported the instance of a conversation Iming held 
between two irien across the harbor of Port Bowen in the Afcnw; 
regions, a distance of a mile and a quarter. Possibly refraedon 

was aiding here. 

“Silent zones” near explosions are probably to be explained by 
refraction of the sound away from the earth, and a later reversal 
of refraction direction to bring it down again at a point farther 



21—Successive refroction ondl reflection over Wflter* 


on. Or, it may be made audible at dm farther point by the 
natural spreading in of sound by difiraction from another direc¬ 
tion. _ . . f ^ 

Refractive effects are of little importance in music (rat^pt 

possibly the music of the carillon), but of considerable im¬ 
portance where sound must be heard over long distances, as m 
fog-signaling. Also, because of the spreading effect of so^d, 
refractive effects are frequently not complete, but only tenden- 

cics^ 


Doppler Effect . 

For complettness. one olher of sound soaves *<»|M ^ 

mentioned, though it does not haw an, importance 
as ordinarily heard. If a person it anchored m a tan^ 
a body of water, a certain nomber of waaea will ptns htatet*^ 

a unit of time. If he then row. http t^ w^ he 

more of them in the same onit of time, ^ if 
waves in the same direction, fewer of them ^ 

*. sa^ unit of time. A similar efeet pecurs with s otgoi 

although became of their much greatm speed^a 

Spter speed of .notion of obser^ rf^^_^ 

^ before the effect is notedL Walktng apeeda o*** 
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sufficient. Thus, if an observer approaches a source of sound 
fairly rapidly (say in an automobile traveling thirty miles an 
hour), he will encounter enough more sound waves per second 
to produce an apparent small rise in pitch over that observed 
when he is stationary. Similarly, if the source approaches him, 
a higher pitch will be heard. If source and observer approach 
each other, the effect is increased, and a still higher pitch is 
heard. The observer’s sense of pitch depends on the number 
of pulses which reach him per second, and if this number is 
artificially increased over the number actually produced per sec¬ 
ond, he will hear a higher tone. If the source recedes from the 
observer, or the observer from the source, or both from each 
other, the pitch will appear to be lowered. This is known as 
the Doppler effect. The amount of rise or drop in pitch over 
that heard normally will naturally depend only on the speeds 
of source and observer and not at all on the distance between 
them. 

A common misunderstanding of this phenomenon by stu¬ 
dents is shown on examination papers by the statement, “The 
nearer you get to the sound, the higher it is, and the farther 
away, the lower it is.” This is false. The nearer one gets to 
the soimd, the louder it sounds, of course, but the amount of 
pitch distortion is constant so long as the speed is constant. If 
one could stand alongside a track and listen to a train come 
from a distance at a constant speed while continually blowing 
its whistle, the whistle would first become audible at a certain 
higher-than-normal pitch, and remain at this pitch, growing 
louder and louder until the moment of passing. It would then 
suddenly drop to a lower-than-normal pitch and remain at this 
pitch as the train got farther and farther away, the tone getting 
softer and softer until no longer audible. 

The Doppler effect is quite noticeable in this day of high¬ 
speed transportation, when vehicles pass each other. Differences 
of half Md whole tones and minor thirds may be heard by pas¬ 
sengers in automobile traffic, differences of major thirds in rail- 



way travd, wii 3 e oxodt 
airplanes. Tbe prsic^te can be I 




For example, if two sooices are 
beats at a oen^ late^ and one dE die somees 
toward or away from the heater, ^ saxoaber 
changet FiudiennEiir^ extending this . . 

servorsy” if we imag ine two toning forks in unisons one sSbia^ing 
the other not^ die vihradc^ one wifi not arouse symp^the^.vibralibn 
in the other (the “observer**), unl^ they maintain die same spatial 
d jeranfg from eock other. They may be in motion in as fong 
as diey have no relative motion to each other. 
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Vibratory Sources of Sounds 

Used in Music 


A. STRETCHED STRINGS ^ 

If a string be stretched between two supports, its elasticity 
is revealed. Thus, if it be displaced, it will tend to return to its 
former position, and because of its momentum it will overshoot 
this point more or less. These are the conditions which make 
vibration possible. Perhaps the beginning of all stringed instru¬ 
ments is to be found in the twang of the bowstring that dis¬ 
charged the primitive arrow, although Egyptian mythology at 

tributes it to the dried tendons of a dead tortoise, stretched over 
its shell. 


Traveling Waves 


If a long rope, loosely stretched between two supports, be 
given a sudden sharp impact, a pair of waves can be seen to 
travel away in opposite directions from the impact-point toward 
the ends, be there reflected, and approach each other again, but 
reversed in position. *Hiat is, if the original pulses were crests 
on top of the rope, the reflected ones will return on the bottom, 
lool^g like trouts. In Figure 22, a shows, quite diagram- 
madcally, such a pair of traveling waves, produced by an impact 
at the midpoint. When they are reflected atf the ends they will 


term stretched strings is understood to include stretehed 61 aj 
matenal, a& for example, metal wires. 


tents of any 
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look like the dotted-line troughs. If the impact be less sudden, 
the waves will be longer, as in If the impact were still slower, 
and took place near the end of the string instead of at the middle, 
the result would approximate that shown in c, the familiar type 
of motion when a string is said to be vibrating in its fundamental 
mode. Traveling waves occur also, although too fast to be seen. 



(b) 


(C) 

fig. 22—Traveling waves on a rope» 

in strings stretched tightly enough to give audible soimds when 
struck or otherwise displaced, as in the various musical stringed 

instruments. 

Transverse Standing Waves, Loops, Nodes 

When such strings are periodically displaced as in regular 
vibration, and when the tension and the speed of vibration are 
carefully adjusted, the reflected waves are superposed on the on¬ 
coming ones, the two sets augmenting each other at cert^ 
points and neutralizing each other at others, thereby producing 
transverse standing waves. Thus the superposition of two sets 
of waves traveling in opposite directions gives the familiar pic¬ 
ture of standing waves, with their characteristic loops (pomts 
of movement), and nodes (points of relative rest). In the spe¬ 
cial case of the string vibrating in its fundamental form, there 
are only two nodes (at the ends) and one loop. In the case of 
a string producing its octave, there are three nodes and two 
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loops, and so on. Figure 23 shows five successive phases of one 

complete vibration of this latter type. 

There are three methods of displacing the strings used in 

music: (i) plucking, as, for j ________________ 

example, in the harp, or in a position) 

violin pizzicato; (2) bowing, 
as in the instruments of the 
violin family; and (3) strikr 
ing, as in the piano. Neither 
plucking, bowing, nor strik¬ 
ing permits the string to vi¬ 
brate in S.H.M., because all ^ 

three give a more or less angu- 23-vibra.ion of .tring in octav. form, 

lar or unsymmetrical move¬ 
ment to the string, especially when the displacement point is not 
at the center of the string—^and it rarely is. 

Fluckjng 

If a string be plucked to one side by some thin, hard-pointed 
object at A, Figure 24, for example, and then let go, a pair of 
waves will travel away from this point, causing the string to 
pass through a cycle of forms of which nine are shown here, 
representing one half of a complete to-and-fro vibration. Num¬ 
ber 9 is the reverse of number i. The arrows indicate the di¬ 
rections in which the waves travel away from the original dis¬ 
placement point to meet again in a new displacement point on 
the other side of the string (number 9). The string will then 
return through the same forms to the original form, completing 
one whole vibration, as indicated by the numbers 10 to 17. (The 
arrows would have to be reversed to indicate this second half of 
the vibration.) Number 17, the same form as number i, will 
then start a new cycle. The action is fundamentally different 
from the curved lines of SJIM., being characterized by sharp 
corners instead of curves. A kinked “curve” of this sort, if 
analyzed, will be fotmd to contain numerous high partials, which 
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give a metallic timbre to its tone. If the string be plucked with 
the finger it will show a vibration form with less-sharp corners, 


because the finger is softer, larger. 



and more rounded. This will 
result in a tone which con¬ 
tains fewer of the high par¬ 
tial, and is therefore more 
mellow. 

Botmng 







The case of the bowed 
string has been investigated 
by Helmholtz and others. 
When the bow is in action, 
its resinous surface engages 
the string by friction, push¬ 
ing or pulling it to one side. 
When the elastic tension of 
the string increases sufficiently, 
the bow friction can no longer 
hold it, and once released from 
the bow it skids back over 
the bow hairs even though 
tVip how is still moving for- 



24_Vibration of plucked string. 


ward, overshooting its mid¬ 
position until its tension in 
the opposite direction brings 
it to rest. Then the bow en¬ 
gages it again, carrying it for¬ 
ward for the next vibration. 
Thus the to-and-fro motion of 


the string is maintained by a one-way motion of the bow. This 
type of motion will naturally result in a complex vibration form 
since the pressure of the bow to one side will tend to give an 
lar displacement. This pressure of the bow to one side will also 
tend to twist the string slightly, so that the movement will contain 
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not only transverse vibration but torsional vibration, in which the 
displacements are neither transverse nor longitudinal, but in a 
twisting direction. Still other irregularities will be introduced by 
the fact that the velocity of the string is quite suddenly reversed at 
the moment when it ceases to adhere to the bow, and its move¬ 
ment backward is faster than its movement in the bow direction. 
Thus we might suppose that an 
oscillograph record of the wave 
form would be similar to that in 



Rg. 25 —Graph of vibration of a point 
Figure 25. ® bowed string. 

This sort of vibration, with its marked discontinuities at the 
angles, would give rise to a tone with many high partials. Ac¬ 
tually, Helmholtz observed a form similar to this by watching 
a point on the string through his vibration microscope. In 
practice, however, the wave form of a bowed instrument as heard 
through the air is much modified from this form by the char¬ 
acteristics of the bridge, belly, and other reinforcing materials. 
Figure 10, page 50, shows an oscillograph record of the tone of 
the A-string of a violin as heard through the air. 


Striding 


The case of the struck string is similar to that of the plucked, 
in that a hard, sharply pointed hammer produces a more kinked 
wave form and thus a more brilliant or metallic tone, while a 
softer, more rounded hammer produces a less kinked wave form 
and a mellower tone. Photographs have shown, according to 
Richardson,^ that in a piano the hammer may not remain in 
contact with the wire for even as long a time as one complete 
vibration before it rebounds. This means that the struck point 
is displaced in advance of other parts of the string which may 
still be in their position of rest. The string as a whole is not 

permitted to adjust itself to the displacement before being re¬ 
leased, as in the plucked string. 


2 Richardson, E. G., The Acoustics of Orchestral Instruments and of the 
113. London: Edward Arnold & Co., 1929. 
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It is a little realized fact that after a piano hammer has once 
struck, the pianist has no longer any control over the tone qual¬ 
ity except through pedal effects. For that matter, the hammer 
travels as a free body during the latter part of its stroke, swinging 
on its pivot but not in contact with the key mechanism, so that 
actually all the performer can do is to give it a certain velocity 
by depressing the key with a certain strength? after which he has 
no further key control over the tone. Thus, wiggling the finger, 
rolling the forearm, or continuing to press on the key after the 
tone has sounded, have absolutely no effect on the tone quality, 
although they may produce a valuable physiologic relaxation or a 
valuable psychologic effect on performer or hearer. Give the 
hammer a certain velocity and it will always strike in the same 
man ner. Thus the possibilities of touch are more limited on 
the piano than commonly realized. The violinist has a much 
more intimate control of his quality. On the piano, all possible 
effects are explained by the variables: hammer velocity, impact 
and action noises, and pedal effects, although the possibilities 
here are manifold. All else is illusory, though sometimes of 
psychologic or aesthetic value. Ortmann has discussed these 
matters, especially in his book. The Physical Basis of Piano 
Touch and Tone. The article by Hart, Fuller, and Lusby, 

listed in the bibliography, gives a further discussion. 

Since plucking, bowing, and striking all give more or less 
angular or unsymmetrical movements to the string, they there¬ 
fore produce complex vibration forms, which, however, can be 
shown by analysis to consist of several simple forms superposed 
on each other. These of course produce complex tones con¬ 
taining partials in the harmonic series. 

Harmonics 

A particular partial tone may be isolated from its fellovvs by 
lightly touching the vibrating string at a point which would be 
a node for that partial. It then sounds forth by itself as a fair y 
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pure tone called a harmonic? Conversely, by causing the string 
to be displaced at certain points, the partials which would have 
nodes at these points are greatly w'eakened or eliminated. Thus 
if a string be displaced at or near its midpoint, the octave and 
all the other even-numbered partials are automatically eliminated 
or at least diminished, because they all require the midpoint to be 
a node. This was actually the case in the cembal d’amore, a rare 
instrument of the clavichord family. If a stretched string be 
plucked at one seventh its length from one end, the dissonant 
seventh pardal in the harmonic series may be practically elimi¬ 
nated. The hammers in a piano are made to strike at about 
one sev’cnth to one ninth the length of the string, except in the 
case of the highest strings. These are struck sdll nearer the 
end in order to compensate somewhat for the loss of higher par¬ 
tials throu^ the increasing stiffness of such short wires.^ A 
violin bow' engages the string usually at about one ninth to one 
twelfth the length of the open violin string (a greater distance 
in ptano playing and less in forte), thereby weakening these 
partials but permitting all those below^ them to be present. If it 
were bowed at its midpoint, all the even-numbered partials 
would be weakened, and in addition the amplitude of the funda¬ 
mental w’ould be lessened. In the fundamental form of vibra¬ 
tion, the excursions of the string are nowhere else as large as at 
the midpoint, and if this point is restricted by the bow hairs 
to a narrow amplitude of vibration, the fundamental is weak¬ 
ened. Bowing the string near the end produces a richer tone as 
well as a stronger fundamental. (See pages 97.98.) The squeak¬ 
iness heard from an unskillful violin player is frequently due to 
uncontr olled harmonics, or to the very' high tones caused by 


indicates that the principal advantage ot 

hating the stnking^ point at one seventh to one ninth of the m l 

cUrmnation of they: parhah after all, but the fact that the funia-r, k ^ 

amplitude when the hammer stnkes at about , 

« pages 97 and oS.) disunce. (See also the small print 
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longitudinal vibrations of the string generated by a sliding of 
the bow along the length of the string during its stroke. 

The formation of harmonics may be observed by fastening 
one end of a cotton thread to a support and the other to a 
prong of an electrically driven tuning fork, or the clapper of 
an electric bell held in the hand. With a little practice the 
thread may be tensed just the right amount to cause it to swing 
in its fundamental form of one loop. In order to secure the 
two-loop form, since the driving frequency cannot change, it is 
necessary to loosen the tension until a point is reached where 
this frequency corresponds to the octave of a new lower fun¬ 
damental. When this is done, the vibration form can be seen 
to become unstable and suddenly jump into a standing-wave 
form having two loops. Further loosening will show sudden 
jumps into higher-loop forms, which can be demonstrated by 
placing paper riders at various points. Those at nodal points 
remain on the string, while those at other points are knocked 
off when the string (or an adjacent string timed to the same 
pitch) is set into segmental vibration. In Figure 26, the first 
three cuts show the fundamental, the three-segment, and the 
five-segment standing-wave forms produced in this way. Forms 
with as many as eight or ten segments may be secured if thin 

enough threads be used. 

When the tension of the string is constant, the fundamental 
is unchanged, and the higher-loop forms correspond to mem¬ 
bers of the harmonic series. Thus Paganini, by using violin 
strings made especially thin, and touching the string lighdy at 
a nodal point, was able to produce the twelfth harmonic partial. 
The higher harmonics tend to sharpen slightly, however, be¬ 
cause of the increasing stiffness of the wire when forced to 
divide into many short segments. (See page 95.) Most violin 
literature does not call for more than the third or fourth har- 

monic. . • 

In instruments such as are used in music—^where the vibration 

is produced by plucking, bowing, or striking—such simple 
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forms, containing but a single mode of vibration at a time, rarely 
exist, if ever. The situation is rather as shown in Figure 26^/, 
where several forms are superposed on each other, to produce a 
tone containing various overtones in strengths corresponding to 
the relative strengths of the vibration forms producing them. 
Furthermore, it almost never happens that the vibrations of a 
string actually lie in one plane. Most commonly they consist of 
rotations more or less complicated, and in addition, except per¬ 
haps in the piano, a certain amount of torsional (twisting) vibra¬ 
tion. 

Pitch 

The fundamental pitch of a stretched string, determined by 
the frequency, depends on its length, its tension, and its weight. 

As a string or wire is shortened, its frequency rises propor¬ 
tionally. Stated mathematically, the frequency is inversely pro¬ 
portional to the length. Thus the strings of a harp are lifted a 
half tone or a whole tone by shortening their vibrating lengths 
by a device operated from the pedals. The strings of a violin 
have their vibrating lengths shortened by stopping them with the 
fingers. (The fact that the frequency rise is proportional ex¬ 
plains why the actual spacings for stopping any interval, such 
as whole tones, for example, must constantly decrease, the higher 
the positions played.) The alteration of pitch secured by caus¬ 
ing a string to sound a harmonic is really an illustration of 
this same effect of string length, since the vibrating lengths of 
the string have been shortened through segmentation. 

As a string or wire is tightened, as for example by turning 
a peg of a violin or a tuning pin of a piano or harp, 
quency rises also, varying as the square root of its tension. ^ 
highest-pitched string of a violin, the E-string, bears on the bridge 
with the greatest tension (and is often made of metal mstea 
of gut). Since heat expands metal and gut slightly, reducmg 
the tension of a stretched string or wire, pianos, violms, and 
similar instruments are slightly flatted in hot weather and 
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sharped in cold, unless compensating changes occur through 
expansion of the frames which hold the strings. 

As a string or wire is made heavier—as for example in the 
piano, harp, and violin family—by making it thicker or by wrap¬ 
ping it with other wire, its frequency lowers. The G-string of 
a violin is thus thicker than all the other strings. Expressed 
mathematically, the frequency varies inversely as the square root 
of the mass. 

These principles are all illustrated in the piano or violin. If 
the length, tension, and weight of the string are kept constant, 
the amplitude has little if any effect on the frequency. If it did 
have any marked effect, string music in its present form could 
not exist, for every variation in the loudness of a tone would 
vary its pitch as well, and its pitch would vary as it died away. 

In addition to the above-mentioned determinants of frequency, a 
less important one should be mentioned. This is the stiffness of the 
wire or string, the effect of which is similar to adding a small tension. 
However, the amount of this effect varies with the frequency, so that 
the various members of the harmonic series, for example, are differ- 
endy affected, and therefore distorted somewhat from their true po- 
siuons. The harmonic series is rendered slightly inharmonic when¬ 
ever the stiffness of strings is appreciable, as will occur with thick 
metal wires. In the wires used in musical instruments, however, the 
effect is very sHght, the overtones lying extremely close to their true 
positions. Speaking generally, thin wires will be less stiff, and there¬ 
fore able to subdivide easily into shorter vibrating segments corre¬ 
sponding to quite correct harmonics. Thick wires will be less able to 
overcome their stiffness and produce harmonics, and when they do, the 
harmonics will be distorted (sharped) from their true frequency. 

Loudness 

The loudness of the tone of a stringed instrument, deter¬ 
mined by the amplitude of vibration, depends on the force 
used m plucking, bowing, or striking, and of course also on 
the manner of reinforcement of the sound, and on the strength 
of the materials to withstand the tensions and the displacing 
forces. The power of the modern piano, for example, is largely 
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due to the improvements made during the last century in the 
tenacity and elasticity of steel wire, and the rigidity of steel 
frames which carry total tensions of upwards of thirty tons in 
the largest instruments. 

The manner in which the sound is reinforced also has its 
effect on the total loudness. For example, the tone of a violin 
string or a ’cello string is augmented by the vibration of the 
body of the instrument. But the ’cello gets an additional re¬ 
inforcement from the vibration of the floor on which it rests, 
whereas the violin tone is somewhat absorbed in the shoulder, 
the instrument having no solid contact with the floor. 

Softer tones may be procured in the instruments of the violin 
family by the use of the mute, a clamp of wood, metal, or other 
material, with several split prongs which enclose the wooden 
bridge when pushed onto it. By thus weighting and restricting 
the vibration of the bridge, the mute decreases the loudness of 
the sound, but changes its quaUty as well, since the high fre¬ 
quencies are reduced in greater proportion than the low fre¬ 
quencies. In the piano, softer tones may be procured by the 
use of a pedal which reduces the length of throw of the ham¬ 
mers (as in “uprights”), or else shifts them so that they strike 
only one or two of the two or three wires present for each pitch 
(as in the una corda in “grands”).° These effects also, how¬ 
ever, cause quality changes as well. The so-called loud pedal 
adds loudness only by lifting the dampers from all of the wires 
and thereby permitting them to be set into sympathetic vibra¬ 
tion. The harp, having no dampers, has this effect constantly 
unless the performer damps the strings with his hands. 

Tone Quality 

The tone quality of a stringed instrument, determined by the 
manner of vibration, is dependent on such factors as the fol¬ 
lowing : 

5 The lowest tones of the piano are produced by single wires. Thus no softening 
of these tones is produced by the soft pedal in a grand. 
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a. Type of string displacement (whether plucked, 
bowed, or struck, and at what exact point) 

b. Material and shape of the instrument used for pluck¬ 
ing, bowing, or striking 

c. Bow pressure, bow speed, piano-hammer speed, etc. 

d. Tension, length, thickness, and elasticity of the string 

e. Characteristics of reinforcing materials, such as the 
bridge, soundboard or belly, sound post, air reso¬ 
nators, etc. Use of mute, una corda, etc. 

Mention has already been made of the different types of 
string vibration caused by plucking, bowing, and striking. The 
effect of the position of the point of displacement in any one 
of these cases has also been described. The nearer to its mid¬ 
point the string is displaced, the hollower its tone will be, and 
the nearer to an end, the brighter the tone, because of more 
and stronger harmonics. The player can make use of this fact 
to secure differences in quality, by plucking or bowing at vari¬ 
ous points along the string. Some of the modern harp effects 
used by Salzedo are explained in this way. The violinist se¬ 
cures his sul ponticello and sul tasto qualities in the same way, 
since, as the bow moves nearer the bridge, it does not lie over 
the nodes of any except the very high harmonics, so that mod¬ 
erately high harmonics are still strongly produced. Conversely, 
as it is moved away from the bridge, even the moderately high 
harmonics are weakened. Thus, whereas the average bowing 
point is at about one ninth to one twelfth the length of the 
open string, the performer sometimes bows as far as one fif th 
or as near as one twenty-fifth of the length. 

A modi^ing exception to the above paragraph must, however, be 
noted. It is true that if bow speed be kept approximately constant, 
bowing nearer the end of the string will increase the strength of the 
higher harmonics at the expense of the fundamental. If, however, 
Ae bow speed and pressure are correspondingly increased as the bow 
is moved nearer the end of the string, the quality of the tone will not 
appreciably change. In fact, the fundamental will increase in strength 
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until the bow comes very near the end, provided the bow speed and 
pressure can be sufficiently increased- This is because the portion o£ 
the string under the bow, although displaced, is definitely limited in 
its amplitude. Thus, if a string be vibrating in its fundamental form, 
it can attain a wider amplitude as the bow is moved away from the 
center. The string can nowhere vibrate as widely as at its center. If 
therefore the bow is at its center, vibration is limited. This limita- 
tion decreases as the bow moves away from the center toward an end, 
provided bow speed and pressure can be increased sufficiently to main¬ 
tain the fundamental form of vibration. Similar reasoning apphes to 
any partial, so that, as Saunders surmises, more tone of any particular 
partial will be produced the nearer the bow moves to one of its nodes 
(but not too near). 

These opposing effects seem contradictory, and perhaps they tend 
to balance each other. Both Helmholtz and Jeans have pointed out 
that the vibration form of a violin string is tolerably independent of 
the point of bowing. 


As we have seen, the softer or the more rounded the displac¬ 
ing instrument is, the less rich will the tone be in higher par- 
tials; and the harder, the narrower, or the sharper the instru¬ 
ment which displaces the string, the more prominent will the 
higher partials be. An example is in bowing col legno (with 
the wood of the bow). If there are too many of these high 
harmonic partials, their dissonance® causes the quality to be¬ 
come metallic, “tinpanny,” like that of a worn-out piano. Such 
a piano may be improved by having its hammers tipped with 
soft new felt, or by pricking the old rutted felts with a needle 
to soften them and produce a mellower tone. A too dull piano 
should have its hammers filed to a sharper or harder point. 


«Dissonant harmonics must be carefully distinguished from inharmomc parti^. 
Dissonant harmonics are those higher partials in the harmonic series which he within 
a whole tone or less of each other, and therefore are dissonant each other ^d 

frequendy with the fundamental. However, they may still be truly harmi^c. and }ua 
as naturi as any of the lower ones, if their frequency is an eaact multiple of the 
fundamenml frequency. They are formed by the subdivision of a 
into a whole number of segments. Inharmonic pa^ls on the otba hand. 
simple frequency relation to the fundamental, and thus do not comade with « 

the 'harmonic series. All inharmonic partials arc likely to he dissonant, not ^ 

Aemselves, but with the fundamental as well, and for fois reason 
them in any strength are of Utde musical value except m percussion instruments. 
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A certain relation must obtain between bow speed and bow 
pressure in the instruments of the violin family. Too great 
a pressure for the speed “crushes” the tone. Too great a speed 
for the pressure gives the characteristic whistling of harmonics. 
Recent studies by Abbott and Saunders indicate that if bow 
speed and the point of bowing are kept constant, an increase of 
bow pressure, though possibly changing the tone quality, pro¬ 
duces on the average no increase in the intensity of the tone. 
The extra energy must go into heating the string and bow by 
friction. And when the bow pressure is increased sufficiently 
the tone will break down (crushed tone) unless the bow speed 
be increased also. 


Mention has already been made of the effect of piano-ham¬ 
mer speed as the principal determinant of piano quality. 

The marked effect of string characteristics on quality is well 
known. Gut strings sound different from metal strings, thin 
strings from thick. For example, a thin metal violin E-string 
has a more brilliant tone than a thicker one would have. The 
thinner the string, other things equal, the stronger will be its 
high partials, because thick strings cannot divide into many vi¬ 
brating segments as easily as can thin ones. When thick strings 
are forced to subdivide so as to produce a harmonic and lose 
the fundamental entirely, these “harmonics” tend to be distorted 
from their true positions, because of the stiffness factor, as has 
been described. On the other hand, when a uniformly bowed 
string is sounding its fundamental with overtones it tends to 
vibrate in a steady state only possible with truly harmonic over¬ 
tones. The result of these two tendencies is therefore a com¬ 


promise, in which the overtones of such a thick string when 
sounding its fundamental are truly harmonic but greatly weak¬ 
ened. A somewhat similar effect will be described under the 


subject of Air Columns. It is not always realized that the 
flute-like quality of violin harmonics is not limited to these tones, 
as pointed out by Giltay, but that almost the same quality ap¬ 
pears with firm-stopped tones of the same pitch, if made on the 
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same string, and without vibrato. The reason nearly all passages 
played in harmonics sound so differendy from those not so 
played (aside from the lighter bow pressure and the frequent 
absence of vibrato), is that the harmonics are usually being pro¬ 
duced on lower (thicker) strings and shorter vibrating lengths 
than those used for tones of the same pitch when firmly stopped, 
and this tends to weaken or eliminate the overtones lying above 
the desired harmonic, and purify its quality as compared with 
normal violin quality. For the same reason, if a tone of some 
pitch higher than the open E-string be played successively on, 
say, the E, A, and D strings in the natural, firm-stopped, man¬ 
ner, the lower the string used, the more mellow the tone will 
be, in the sense of having fewer and weaker overtones. 

Large differences in tone quality and loudness may result 
from reladvely small variations in the characteristics of the re¬ 
inforcing materials, since the tone that reaches our ears comes 
largely from them. For example, the difference between the 
quality and volume of a grand piano tone and that of an up¬ 
right lies partly in the increased soundboard area of the former 
(and also, of course, in its longer strings and greater tensions). 
In the case of the violin instruments, the shape and thickness 
of the bridge is important. The effect of mutes of various ma¬ 
terials and weights has been mentioned. Small differences in the 
graining of the wood of the belly may affect the tone consid¬ 
erably. Saimders feels that the ease of response of a good violin 
may perhaps be the result of a breaking down, through years 
of vibration, of the cell walls in the summer growth of the 
spruce in the belly, thereby making the wood more flexible. 
The size, thickness, and curvature of soundboards are factors in 
determining the tone quality. The harp, for example, has ^ 
elongated pyramidal shaped soundboard which rests on the 
shoulder and encloses a body of air. The piano has a sound¬ 
board which is almost flat. The rigidity with which the glue 
binds at the edges of a violin top, or even m its purflmg. 
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may affect its stiffness and therefore its type of vibration. Saun¬ 
ders feels that the rawness of a new violin may be partly ex¬ 
plained in this way, and that when it is older and the glue has 
begvm to crack a bit the plates may vibrate more freely. In¬ 
struments made of thick wood (and therefore stiffer), empha¬ 
size the higher frequencies, those with thin, the lower frequen¬ 
cies. The varnish itself seems, according to recent scientific in¬ 
vestigation, to have but little effect on the tone quality. How¬ 
ever, since the inside surfaces of a violin are usually not var¬ 
nished they are able to absorb moisture, which changes the 
weight and elasticity of the wood. Saunders has pointed out 
that since the human body loses moisture to the air rapidly,^ 
dry instrument brought near to the player could change its char¬ 
acteristics somewhat through absorption of this moisture by gut 
strings or wood surfaces. This condition perhaps explains the 
value of “playing in” instruments that have been out of use for 
a time. 

The sound post, which stands between the front and back 
panels of the violin body, held by their pressure, needs to be of 
a certain material and a certain length, and placed accurately in 
a certain position. The sound post transmits the motion of the 
bridge and belly to the back, enabling sound energy to be radi¬ 
ated from the back, particularly for low frequencies, and enables 
the belly to bear the pressure of the stretched strings without 
being distorted. If the sound post be removed, the lower fre¬ 
quencies are greatly weakened, destroying the mellowness. Too 
thick a sound post will destroy the brilliancy of the tone. Simi¬ 
larly, the placing of the sound post too far from the bridge will 
destroy brilliancy. Its proper position is slightly behind the 
right foot of the bridge, although high-built instruments re¬ 
quire it nearer the bridge than normal. 

The characteristics of the bass-bar, which spreads the vibra¬ 
tions over the belly while at the same time reinforcing the 
belly, are important. The bass-bar has strengthened since the 
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day of Stradivarius, due to the increased string tension caused 
by the rising of the pitch standard and the lengthening of the 
finger board. Such a change has altered the weight and elas¬ 
ticity of the belly. Since all or nearly all of the fine old instru¬ 
ments have been altered by the substitution of a longer finger 
board or by some other repair, such as a stronger bass-bar, it is 
doubtful if any of them soimd today as they did originally. 

Occasionally a tone played on a violin or other stringed in¬ 
strument will coincide in pitch with a natural frequency of some 
part of the wood or enclosed air of the body of the instrument. 
If this resonance is too strong, an undesirable “wolf note” re- 
s\i^ts, often occurring about a perfect fourth above the lowest 
tone of the instrument, in which the violin or other instrument 
takes up so much energy, as Richardson ’ says, that the control 
of the tone seems to pass out of the player’s hands. The bow 
refuses to “bite,” and a satisfactory tone is unobtainable. If the 
bow pressure is increased, the resulting tone is often unsteady 
and of variable intensity. Often, on the other hand, one can 
kill the wolf note entirely by using enough energy to ride over 
it. They are most likely to occur when one is playing sofdy. 
Ordinarily, the wood of a violin has a complex but small vibra¬ 
tion amplitude, but during a wolf note its motion is of simple 
form and large amplitude. 

The size and shape of the "/-holes” has an effect on quality, 
also. The size of Aese openings determines the natural fre¬ 
quency of the resonant air enclosed in the body. This fre¬ 
quency is normally about that of Middle C or D. The shape 
and position of the /-holes appear to be important in determining 
the degree of flexibility of the belly, as Giltay points out. The 
shape and position of the holes has been determined empirically. 
When either is changed, as has been repeatedly tried, the flexi¬ 
bility of the belly and its nodal divisions are altered. The ac¬ 
cepted form seems best. 

T Richardson, E. G., The Acoustics o/ Orchestral Instruments and of the Organ, 
page 125. London: Edward Arnold fit Co., 19^9* 
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Duration 

The duration of the tone of stringed instruments depends on 
the elasticity of the string, the original amplitude of displace¬ 
ment, friction, and the mann er of maintaining tone. In the case 
of the piano, the highest tones are produced by wires which 
must be stretched very tightly, and are quite short as well. The 
resulting stiffness causes their vibration to die out very much 
sooner after being struck than in the case of the lower-pitched 
wires. This is why the highest keys of the piano are not pro¬ 
vided with dampers. 

Instruments 

The instruments in which stretched strings (or wires) are 
used are: 


Struc\ strings: 
Piano 

Bou/ed strings: 
Violin. 

Viola 

Violoncello 
r>ouble bass 


Plt4cked strings: 
Harp 
Mandolin 


Guitar 
Banjo, etc. 

Also pizzicato in instru¬ 
ments of violin famil y 


B. AIR COLUMNS 

A body of air is an elastic substance in the sense that if it be 
compressed it tends to expand again to its normal density, 
However, it “overshoots’* the normal point, expanding until it 
becomes less dense than normal, or relatively rarefied. Then it 
tends to “sh rink ” again and become more compressed, but again 
overshoots and becomes more compressed than normal, and so 
on. Thus, since air is elastic it can vibrate, and we find that a 
column of air when enclosed by wood, metal, or some other 
rigid material, has some parallelism to a stretched string in its 
vibration, although there are marked differences also. 
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Traveling Waves 

In tlie case of the stretched string, the waves which travel 
along it and are reflected at the ends to superpose on each other 
and. produce standing waves, are transverse waves. In other 
words they are caused by displacements of the string at right 
angles to the direction the wave is traveling. In the case of a 
column of air, these traveling waves are lon^tudinal waves, 
waves of relative compression and rarefaction—^in other words 
sound waves —and therefore are produced by displacements of 
the air particles back and forth in the same line of travel that 
the waves themselves follow. 

Compressional Standing Waves, Loops, Nodes 

If the frequency of these waves be constant and properly 
adjusted with relation to the length of the air column, their re¬ 
flections from the ends of the column of air will be superposed 
on the unreflected waves, producing “standing waves,” which 



are similar in principle to the standing waves on stretched strings 
(which were set up when the frequency of forced vibration was 
properly adjusted with relation to the length of the string), ex¬ 
cept that their displacements are longitudinal instead of trans¬ 
verse. 

Since the “standing waves” in an air column are compres¬ 
sional, if we could see them they would not look at all like those 
on a stretched string, with the familiar loops and nodes. How¬ 
ever, we still keep these same words to describe the points of 
greatest motion and of little or no motion, respectively. Thus, 
if the end of an air column be stopped by a piece of wood or 
metal, the back-and-forth motion of the air particles adjoining 
it is prevented, and thus the stopped end of a pipe will alvvays be 
a node (point of no motion), while there will always be a "/oop" 
(point of greatest motion) at, or close to, the open end. 

The compressional type of vibration in an air column may 
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be visualized if we imagine the air to be replaced by a long, 
coiled spring. A sudden push at one end would travel as a 
“compression wave” to the other end and be there reflected. In 
a series of regularly spaced compressions and rarefactions, pro¬ 
duced by regular pushes, the effect of the superposition of direct 
and reflected waves is to produce apparent standing waves, with 


the coils moving slightly back 
remaining quiet (although un¬ 
dergoing pressure variations) 
at nodes. 

Let us consider in detail, 
following the description by 
Bragg, the simplest form of 
vibration of such a spring— 
that in which a long, weak 
spring is hung as in Figure 27 
from a rigid support, such as 
the ceiling. When the ball 
at the end slowly oscillates 
up and down, the action of 
the spring simulates the more 


and forth at “loop” points and 



Rs* 27—Longitudinal vibration of a spring. 


rapid action of the air in the inverted jar or pipe when set 
into vibration. At the opening (the “loop”), the air rushes back 
and forth, while at the surface of the upper, closed end (the 
node), there is of course alternate compression and rarefaction, 
but no movement. If, when the ball is at rest, we give a very 
sudden pull on it, displacing it downward, and stretching the 
portion of the spring immediately above it, the ball will tend to 
stay in this new position a very short instant, during which the 
stretched region travels up the spring as a “wave of stretch” to 
the ceiling, is there reflected, and comes down the spring again. 
When this stretched region again reaches the ball, it acts to pull 
the ball up again, because of the elasticity of the spring. As the 
ball suddenly flies up, its momentum carries it beyond its normal 
rest position, and it compresses a section of the spring immedi- 
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ately above it. This compressed region then travels up the spring 
to the ceiling as a “wave of compression,” is there reflected, and 
returns to the ball. The compressed region then acts, because 
of its elastic pressure, to thrust the ball downward again, and the 
whole process is repeated. In the case of the inverted pipe the 
action is similar, except that the column of air takes the place of 
the elastic weighted spring, and the movement at the mouth is 
not so abrupt as we have described for the ball. And, as in the 
case of the spring, compressions are reflected back as rarefactions, 
and rarefactions as compressions, at free (open) ends, but are re¬ 
flected without change at rigid {stopped') ends. 

Wave-Length 

Therefore, whenever a compression arrives at the end of the 
pipe open to the atmosphere (whether the instnunent be a 
flute, oboe, trumpet, organ pipe, or some other type of air-column 
instnunent), pan of its energy continues outward in the form of 
a compression wave in the atmosphere, while the remaining en¬ 
ergy is reflected back as a rarefaction. Similarly, when the rare¬ 
faction arrives at the open end, part of its energy is reflected back 
as a compression, but the remainder has been passed outward in 
its original form to complete one wave-length in the outer air. 

If we count the number of complete vibrations of the ball 
at the end of the spring in a certain time we find it is the same 
no matter whether the vibrations are started by a gentle up-and- 
down pulsation or by a sudden sharp tweak. As Bragg points 
out, all kinds of pulses, sharp or slow, single or double, any kind 
at all, travel through the spring at the same rate, and the time of 
vibration depends on this rate, which is determined by the elas¬ 
ticity of the spring. Between an instant when the spring is most 
extended, and the next instant when it is again most extended, 
the original stretch or rarefaction pulse has run up and down 
the spring, and then up and down again as a compression, and 
all of this to produce one complete vibration of the ball. Simi¬ 
larly, in organ pipes closed at one end, for example, while one 
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complete vibration is being passed into the air, that is, one com¬ 
pression and one rarefaction, a pulse is traversing the length of 
the pipe four times. The pulse speed in the pipe is the same as 
that in the air outside of the pipe, about 1130 feet per second 
for ordinary room temperatures. Thus the wave-length of the 
tone may be roughly determined by multiplying the length of 
the stopped pipe by 4. 

A more accurate result will be obtained if we can determine the 
exact distance from a node to the next loop, and multiply that by 4, 
since the loop is usually not precisely at the open end. 

Furthermore, if we know the frequency of the tone, and the dis¬ 
tance from node to loop, we can determine the speed of sound in 
the medium. In fact, this is one of the precision methods of measur¬ 
ing accurately the speed of sound in various liquids and gases other 
than air. Standing waves are set up by a known frequency in a tube 
filled with the liquid or gas, and the wave-length is measured by 
various methods. The wave-length multiplied by the frequency will 
give the velocity of sound in the medium. 

Furthermore, knowing the velocity of sound, we may calcu¬ 
late roughly the length of certain types of pipes to produce a 
certain pitch. Suppose we want to know the approximate length 
of a stopped pipe necessary to produce the highest C in an 
“^foot” stop in the organ, which has a frequency of 2093. We 
divide the speed of sound by the frequency to secure the wave- 
len^, and the wave-length by 4 to give the stopped-pipe length, 
which gives about 1.62 inches as an answer. Organ pipes vary 

from more than 32 feet in length down to small pipes with 
speaking lengths of only % of an inch. 

Edge Tones 

There are two methods of setting into vibration the air col¬ 
umns used in music: (i) by edges, which produce edge tones 
and (2) by reeds. 

If a stick be held vertically in a smoothly flowing stream of 
water (or if it be pushed steadily through still water), little 
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whirlpools or eddies will be passed off alternately from each side 
of the stick. These are illustrated roughly in Figure 28. (Rich¬ 
ards has obtained beautiful photographs of the phenomenon by 
making the motion of the water visible by mixing into it small 
drops of milk and alcohol.) Figure 28 shows how regularly 
the eddies fall into an “avenue” at a short distance behind the 
stick. These eddies, being formed alternately on each side of the 
stick, will tend to push it to and fro, setting it into a periodic 
vibration at right angles, across the direction of stream flow. 
This can easily be felt by the arm holding the stick.. The same 
effect can be noticed if, while standing in water up to the chest. 



Fig. 28—Eddies formed in water flowing past an obstacle. 


one pulls one’s arm rapidly forward through the water. The 
arm, which is itself the obstacle here, tends to tremble or vibrate, 
actually traveling a somewhat sinuous path through the water. 

Similar eddies are formed by moving air when it passes 
around a pole or wire. The fluttering of a flag in a breeze is 
an example. When the eddies are produced at a fast enough 
rate, they give rise to what are called Aeolian tones. If the fre¬ 
quency of the eddies happens to correspond to one of the natural 
frequencies of the wire, the wire can be set into considerable 
vibration. The Aeolian harp is an ancient instrument buUt on 
this principle. Other illustrations of Aeolian tones are found m 
the whistling of tall grasses or the singing of telegraph wires in 
a stiff breeze, and in the howling of the wind around a corner. 

This same general principle is responsible for the production 
of edge tones in a flute or in organ flue-pipes. It is true that 
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edge tones may be heard quite independently of any pipe. How¬ 
ever, if the edge be fashioned on one of the sides of a pipe, as in 
Figure 29, which shows a section of one form of organ flue-pipe, 
a reinforcement of the sound may take place. There is much to 
be learned yet about the behavior of such air columns, but it 
seems certain that eddy formation has something to do with 
it. We can imagine the whirls that swing toward 
or into the pipe causing waves of air compression to 
travel up through the air column. When they reach 
the end they will be reflected downward again, in 
the way which has been described, and if the fre¬ 
quency of the edge tone be properly adjusted with 
relation to the length of the air column (by varying 
wind presstire or distance of edge from mouth), a 
standing-wave condition will be set up, as has also 
been described. Thus the column of air may be 
considered as a resonator to reinforce through its 
standing waves the feeble edge tone. When we 
produce a tone by blowing across the mouth of a 
bottle, it is generated at the edge and resonated by 
the air column. However, the air column and the 
edge tone need to be only in approximate agreement, 
since the effect of the air column is so strong that it 
will force its natural frequency on the weak edge 
tone while being very little affected itself by the natural frequency 
of the edge tone. 

Perhaps the primitive beginning of all air-column instru¬ 
ments is to be found in the hollow bone of a captured an ima l 
or a slain enemy. It was pierced with one or more holes, origi¬ 
nally for the purpose of hanging it up as a trophy or ornament, 
or for decoration. By accident, perhaps from the blowing of the 
wind, it was discovered to give tones when blown in a certain 
way. Or perhaps the principle was discovered when the wind 

produced a tone when blowing across a broken hollow stem of 
some plant. 



Hg. 29’—Cross- 
section of or> 
gon flue-pipe. 
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Reeds 

Columns of air may also be set into vibration by reeds, as in 
clarinets, oboes, and so on, and in organ reed-pipes. A reed is 
a tongue, flap, or cushion, which by its vibration alternately opens 
and closes more or less completely the entrance to the pipe. 
Thus the stream of air is periodically interrupted at the fre¬ 
quency of the reed. If the natural period of the air column be 
adjusted to this same frequency, the air column will reinforce 
the tone strongly. In orchestral instruments and organ reed- 
pipes, however, where the air column has hard walls and is of 
definite length, its influence on the reed is so strong that the 
air column usually tends to impress its own natural frequency 
on the reed, forcing the reed to vibrate in resonance with the 
air column, if at all. When the reed occasionally escapes from 
the constraint of the air colunm with which it is coupled, as 
happens sometimes even in the hands of a skilled orchestral 
player, the result is a break in the tone, a distressing “quack,” 
as Richardson ® calls it. In the case of the human voice, on the 
other hand, the reverse situation exists. The vocal cords, which 
act as modified reeds, impress their frequency on the air column, 
because this air column is poorly defined, irregular in shape, 
soft-walled, more or less wide open at the mouth, and there¬ 
fore unable to dominate the cords. Furthermore, the cords 
themselves are not of fixed shape or size as are wood or metal 
reeds, but capable of considerable variation and adjustment as 
occasion arises. 

Reeds may actually hit the edges of the aperture (striking 
reeds), or may vibrate freely within the aperture (free reeds) 
with more or less complete interruption of the air flow. They 
may be single or double, and of wood, cane, metal, or almost 
any material. Even the player’s lips may act as reeds, as in the 
brass-wind instruments. In the case of organ reed-pipes, the 
tone is improved and rendered less cutting by giving the tongue 

8 Richardson. E. G., Sound, page 184. London: Edward Arnold & Co^ 1929. 
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a very slight curvature so that it rolls down over the opening 
instead of striking it. This causes the air stream to be shut ofiF 
less abruptly. Consequently, the curving of the reed must be 
carefully and accurately done by the voicer, since a flat spot can 
be responsible for a blatant quality. 

Some organ pipes are used as resonators for free reeds. Free 
reeds made of metal may even be used as sources of sound with¬ 
out the reinforcing effect of air columns, as in the harmonica, 
accordion, harmonium, and reed organ. 

The type of sound producers known as diaphones really come 
under the classiflcadon of striking reeds. 


Open and Stopped Pipes Contrasted 


Tones may be produced by pipes that are open at only one 

end, or open at both ends. The former are called stopped pipes 

and the latter open pipes. A stopped pipe will have a loop at or 

near the open end and a node at the stopped end. An open 

pipe will have loops at both ends and therefore a node in the 
middle.* 

The air column in the open pipe may be likened to a steel 
bar ckmped at its midpoint and vibrating longitudinally, as in 
Figure 35c, page 132. Compressions and rarefactions travel in¬ 
ward from the ends, meet, and are reflected at the central node. 
As a result of the superposition of direct and reflected waves, 
the two ends are alternately slightly shortened and lengthened. 
The air column of a stopped pipe may be likened to a similar 
bar clamped at one end, or to the spring in Figure 27. Com¬ 
pressions and rarefactions travel from the free end to the clamped 
end and are there reflected. As a result of the superposition of 
direct and reflected waves the free end is slightly shortened and 
Iragi^ened. Since an open pipe will have a node in the center, 
the distance from a loop to a node (which is one quarter of the 
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wave-length), will be only half as long in the open pipe as 
in the stopped one, as shown in Figure 30a. Consequently, 
the entire wave-length will be only half as long in the 
open pipe as in the stopped one, which means that the open 
pipe produces a tone an octave higher than a stopped pipe 
of the same length. To get the same pitch, an open pipe 
would have to be twice as long as a stopped one. The pipes in 
Figure 30^ will sound the same pitch, an octave higher than the 
pitch of the stopped pipe in a. An open pipe consists virtually 



Rg. 30—Open and stopped pipes producing fundamentals. 


of two Stopped ones, with the central nodal surface as their 
common base. 

Furthermore, because of the fact that a stopped pipe always 
has a node at the stopped end, its tone theoretically cannot con¬ 
tain any even-numbered partials. This is due to the impossibility 
of dividing up its length properly. For example, if the octave 
were to be produced, since the stopped end is always a node, 
there would have to be a loop at the middle in order to halve 
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the wave-length. This would mean that there oug;ht to be a 
node at the open end, but that end is always a loop. The same 
sort of difficulty is present for any even-numbered partial. There¬ 
fore a stopped pipe produces, at least theoretically, a tone con¬ 
taining only odd-numbered partials, with a correspondingly “hol¬ 
low” quality. In Figure 31, a shows an open pipe when produc¬ 
ing its second partial, the octave; b shows a stopped pipe when 


producing its third partial (the 
first overtone it can produce). 
The stopped pipe is here really 
equivalent to three stopped 
pipes, each one third the length 
of the whole pipe, with their 
open ends at the loops, and 
their stopped ends at the nodes. 
It is evident that a stopped pipe 
must always divide up in a 
manner unsymmetrical around 
its midpoint^ in order to pre¬ 
serve a node at its stopped 
end and a loop at its open 
end. This will always produce 
an odd-numbered partial. The 
limitation may be gotten 



ra; (b) 

Rg. 31—Open and stopped pipes produi^ 
ing harmonics by overblowing. 


around, however, by making the tube conical, as in the oboe, 

wl^ch will introduce the full harmonic series. The cylindrical 

stopped pipe is similar in vibration form to the stretd^d string 

displaced at its center, in rihat no even-numbered partials arc 

marb^y present. However, the positions of the nodes and 

loops are quite diflerent in the case of the string, and its vibration 

i» tiamverse instead of a>mpressional (longitudinal) as in the 
^' column of the pipe. 


The open pipe, whether it be conical or cylindrical, can 
duee a tone containing even- and odd-numbered parrialc 

in consi^ring the difiEerences in quality between open 
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stopped pipes, it is interesting to note, as emphasized by Buck,^“ 
that no even-numbered partial introduces any note into the har¬ 
monic series that is not already represented in a lower octave; 
while every odd-numbered partial does introduce a new note. 

Thus the harmonic series is illustrated in the vibration of air 
columns in a way similar in principle to the way that stretched 
strings vibrate in many forms at once, giving rise to complex 
tones composed of different amounts of various harmonic par- 
tials. However, it is even more difficult to visualize a whole 
series of different vibrational forms existing together, in and 
through each other, all in the same enclosed body of invisible 
air, than it was in the case of the string, where at least the 
hazy outline of the complexly vibrating string may be visible. 

Overblowing, Harmonics 

Each pipe of an organ is intended to produce only a single 
tone, although, of course, the tone may be a complex of many 
partials in the harmonic series. Orchestral wind instruments, 
however, are designed to produce a series of tones. This is 
made possible by finger holes and by overblowing. If a pipe, 
such as one of the wood winds of the orchestra, for example, 
or even an organ pipe, be blown harder or with a different lip 
and tongue setting, it usually happens that one of the harmonic 
partials becomes so prominent as to dominate the fundamental, 
which seems to drop out completely. This frequently happens 
quite suddenly, in the same way that the segmental vibration 
of a string may suddenly subdivide into twice as many segments, 
and we say that the fundamental jumps to the harmonic. The 
shape of pipe helps to determine what partials can be produced 
and how easUy. The narrower the tube the more difficiJt is 
the speaking of the fundamental and the easier that of the higher 
partials. Through practice, the wind-instrument player learns 
just how hard to overblow and how to shape his lips to secure 

^®Buck, P, Acoustics for Musicians, page 83. New York: Oxford University 
Press, 19*8. 
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a certain harmonic. Overblowing permits an extension of the 
pitch range without altering the length of the tube. An open 
pipe, such as the flute, overblows first at the octave; A stopped 
pipe, such as the clarinet, for example, closed by the lips and 
stiff cane reed, overblows first at the twelfth, unless it be conical 
like the oboe, when it will give the octave, since the tone of a 
conical tube can contain any partial in the harmonic series. 
The saxophone may be regarded as a conical metal clarinet, 
combining characteristics of the oboe and the clarinet, and ca¬ 
pable of producing the full harmonic series.^ ^ 


Wood Winds and Brass Winds Contrasted 


In the wood-wind group of instruments (which includes 
saxophones, even though they are usually made of brass), most 
of the pitch variation is obtained by a complicated valve mechan¬ 
ism for opening or closing side holes to shorten or lengthen the 
air column, unless all the holes can be reached by the fingers, 
as in simple fifes and recorders. In the wood-wind group of 
instruments only a very few overtones are used for overblowing, 
the double octave, number four in the series, being the highest 
one. However, a larger number of overtones are available in 
the brass-wind group of instruments (in which the lips are used 
as reeds). In these instruments practically all the tones used are 
overtones of the fundamental of the particular pipe length in use 
at the time. In fact, because of the small “scale” (ratio of width 
to length) in most brass winds, it is difficult and often impossible 
to produce the real fundamental. The “pedal notes” of a trom¬ 
bone are fundamentals. Partials from the second up at least as 
high as the eighth (triple octave) may be blown witli com- 
p^ative ease, however, and music scores sometimes call for stUl 
higher ones. The French horn can produce with comparative 


and“rh be mentioned d.at the clarinet is not strictly a stopped pipe. Redfield 

and Ghosh have shown that the chink between the reed and the 

shuts completely, and that the vibration of the reerfs r«pons!blT fotX Tw 

pr^ce of low even harmonics. These are. however, too JTm do J"ate *e oS 
when the instrument is overblown. pitch 
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ease partials at least as high as the twelfth, and number sixteen 
of the series is quite possible. 

However, even when using these higher partials, the chro¬ 
matic scale is far from complete. Thus the bugle’s tones are 
confined to members of one harmonic series. The gaps be¬ 
tween the harmonics could theoretically be filled in by the use 
of side holes as in the wood winds. However, it has been found 
that the tone quality of brass-wind instruments is impaired vm- 
less every tone sounds through the bell-mouth. Thus, the use 
of side holes has been abandoned for these instniments, and the 
gaps between the harmonics have been filled in by the use of 
crooks, valves, or slides. These throw into operation additional 
lengths of tubing, which can lower the natural fundamental of 
the tube through several semitones, and hence, of course, lower 
the whole harmonic series as well, while permitting every tone 
to sound through the bell-mouth. Thus, a chromatic scale on 
a brass instrument with valves is made up from partials derived 
from several harmonic series. In addition, tones may be lowered 
by partially shading or closing the bell by the hand, thus slowing 
down somewhat the speed of vibration and lowering the fre¬ 
quency a corresponding amount. However, this materially alters 

the tone quality as wdll.^^ 


Pitch 

The fundamental pitch of an air column, determined by the 
frequency, depends principally on its length, and to a slight ex¬ 
tent on the wind pressure, the temperature, and the thi^ess of 
the air column. In the case of wood pipes, the dimensions, and 
therefore the pitch, may be slighdy altered by humidity. 

The length of the air column may be altered by opening or 
closing holes in the side, as in the wood-wind instruments of the 
orchestra. And since the rise in pitch is propomonal to the 
shortening of the air column, the actual spacmgs between such 


^2 Under some circumstances, 
of the instrument, the pitch may 


when the hand is completely inserted into the 
be raised. But here also the tone quality is alttreU- 
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holes must decrease the higher any interval is played, in a man¬ 
ner similar to the way violin spacings diminish the higher the 
position. 

The fundamental frequency of an air column may also be 
altered by any other means which lessens or increases the effec¬ 
tive length of the column, as in the slide trombone, for example, 
or in the additional lengths of pipe brought into use by means 
of crooks, valves, or slides, as has been explained. And, of 
course, the extension of the pitch range by blowing so as to pro¬ 
duce higher partials, as in both brass winds and wood winds, 
really amounts to shortening the effective length of the column, 
by breaking it up into segments. Even certain organ pipes are 
“harmonic,” designed so as to blow an overtone, although of 
course they cannot blow the fundamental at the will of the 
player, who has no control over the embouchure or the wind 
pressure. In harmonic flue pipes a small hole is frequently bored 
at such a point as to aid in the formation of a “loop” of the 
proper partial, and to discourage the sounding of the funda¬ 
mental, as in, for example, the harmonic flute” of the organ, 
which is so voiced and blown as to produce principally its nat¬ 
ural octave. The “zauberflote,” a harmonic-stopped flue pipe, 
produces the natural twelfth (third partial) of the pipe length. 
In Figure 33, page 125, showing a group of pipes all tuned to 
Middle C, the next to the last pipe on the right is a harmonic 
reed pipe, the “harmonic tuba.” Naturally, it is twice as long 
as the other pipes, since it must resonate in its octave form to 
the same frequency as the others do in their fundamental form. 

Practically all wind instruments have some means of alter- 
mg the length slightly, for purposes of tuning. In many instru¬ 
ments this takes the form of a tuning slide, similar on a small 
scale to the sliding parts of a trombone, which can increase or 
decrease by slight amounts the length of the column. Since it 
IS diflBcult to alter the fundamental pitch of oboes without alter¬ 
ing the tone quality, in Handel’s time the custom grew up of 
tuning aU other instruments to the oboe. Clarinets, however. 
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which were not in the orchestra then, are even more difficult 
to tune. Stopped organ pipes are tuned by adjusting the stopper 
at the top, and open pipes by adjusting a sleeve over the end, 
or by slighdy rolling or unrolling a metal tongue at or near the 
top. In organ reed pipes, the vibrating length of the reed must 
first be adjusted, and then the length of the pipe adjusted to 
resonance with the reed. 

A very precise method of timing two air columns an octave 
apart, applicable for that matter to stringed instruments as well 
as to wind, as already mentioned, is to adjust the lengths so as 
to time them free of beats. The lower tone will usually be 
accompanied by enough of its second partial (octave) to produce 
audible beats with the higher fundamental tone unless the tun¬ 
ing is exact. This method is also applicable to other intervals, 
as has been mentioned before, provided only that the necessary 
overtones are present in sufficient strength to produce audible 
beats when the interval is mistimed in either direction. 

The fundamental frequency of an air column is shghdy raised 
by an increase in the wind pressure. However, as has been de¬ 
scribed, if the pressure is increased past a certain point, the 

pitch will suddenly jump to an overtone. 

It might be argued that the passage of the performer’s 

breath through an orchestral instrument while playing it might 
alter the standing-wave condition, and thereby the frequency. 
(Somewhat similar misconceptions are frequently met in voice 
texts which enlarge on the idea of the tone being “vocalized 
breath.”) But the breath speed is in any case so very slow, in 
relation to the speed of sound waves, as to have a negligible 
effect. Very little air actually passes. With most instruments, 
and with the voice, a lighted candle in front of the mouth of 
the instrument will be only very slightly affected, if at all, 
whereas, if an appreciable amount of air were passing at any ap¬ 
preciable speed, the flame would flicker. 

Since the tone from an air column is caused 
traveling up and down the pipe, aud since the 


by sound waves 
speed of sound 
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waves depends on die temperature of the air, die frequency of all 
wind instruments is raised when diey are warmed. Because of 
this, cold instruments will be flat, and the players should breadie 
through them before playing in order to get diem to a constant 
temperature and pitch, tuning them only when warmed. If 
tuned when cold, they will be too sharp after they have gotten 
warm. For the same reason, organs should only be tuned when 
the church is warmed to the temperature at which the instru¬ 
ment is to be heard, usually 70° here in America. If an organ 
is tuned to A-440 at 70*^, it will sound approximately A-435 at 
6o°. One reason for the acceptance of concert pitches of A-440 
or higher in this country some years ago may have been die fact 
that oboes and clarinets, made in France to sound A-435 their 
usually rather cool concert rooms, were used in this country, 
where in our warmer halls they rose to approximately A-440. 
Organists are familiar with the frequent out-of-tuneness of reed 
pipes and chimes in extremes of heat or cold, but not all are 
aware that in such cases it is really the rest of die organ that is 
out of tune with the reeds or chimes. These latter, in which die 
tone is generated by the vibration of a metal part, are much less 
affected by temperature changes than are the flue pipes, which 
depend principally on the vibration of an air column and there¬ 
fore on the speed of soimd waves up and down the column. 
Since this speed increases with increase in temperature, die reeds 
and chimes will sound flat in relation to the rest of the organ in 
summer, since the pipes have gone sharp while the reeds and 
chimes have remained at the same pitch or have even slightly 
flatted due to the lengthening of their vibrating portions dirough 
expansion. Conversely, when churches are underheated in winter 
the reeds and chimes, having kept their pitch, will sound sharp to 
the rest of the organ, which will then have lowered. Modern 
organ reeds, however, as Barnes points out, stay in tune much 
better than formerly. The use of thicker tongues, thicker tuning 
wires, and increased air pressures all contribute to greater stability 
of tuning, pardcularly in such pipes as trumpets, for example, 
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where full-length resonators are used. The pitch of such reed 
pipes is consequently apt to remain fairly well in tune with the 
flue pipes even though the temperature varies markedly. It is 
advisable to have the various sections of an organ on one level, 
since the upper levels in an auditorium are frequently warmer 
than the lower ones, and heat up more quickly when the build¬ 
ing is warmed by sun or by a heating system. Pipes in higher 
positions would then be sharp. Unless the tuning is done under 
exactly the same set of circumstances as will maintain when the 
organ is used, it will sound out of tune. This difficulty is largely 
overcome if all sections of the organ pipework are on one level. 

Mention was made in Chapter i of the fact that there seems 
to be a tendency for pitch standards to rise, in order to secure 
greater brilliancy, until they become so high that they must be 
brought down, whence they start to rise again. It is possible that 
another cause contributing to this rise in pitch standards is the 
fact that orchestral instruments are not always blown through 
sufficiently to warm them before a concert is begun. Some in¬ 
struments, such as wood flutes, could perhaps continue to rise 
throughout a whole concert. Also, the temperature of concert 
halls usually rises during a concert, due to the presence of the 
audience. The performers and the audience would tend to be¬ 
come used to the higher pitches heard as the concert progressed. 
At the beginning of another concert, then, there might be a 
tendency to set up the beginning pitches a bit, and these would 

rise still more as this concert progressed.^® 

The fundamental frequency of the air column in a wood pipe 
will be affected by the humidity, since dampness causes wood to 
swell. Thus the wood pipes of an organ will usually need to 
be tuned after a prolonged damp spell or dry spell, since their 
dimensions and thus their pitches have actually changed. 


IS Still another possible contributing cause, operative both with wind and stnfg** 
lies in the fact that when several pitches are heard simultaneously, .t ts *e h.gh«t 
one which has the greatest attentional importance. Even musically trained listeners 
frequently attend only to the top tone of a chord. Thus, in the process of tunmg an 
orchestra there would be a tendency to adjust upward. 
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The pitch nomenclature used in the organ should be men¬ 
tioned here. Since the foundation of the organ tone is in its 
open pipes, and the lowest open pipe of the manuals, two octaves 
below Middle C, is roughly 8 feet long (as it should be to pro¬ 
duce C-6554)> the term 8-foot tone is used in organ terminology 
to mean the normal pitch. Naturally, therefore, 4-foot tone 
would mean an octave higher, so that if the Middle-C key is 
played, C-523.2 will sound instead of C-261.6. Two-foot tone 
will imply two octaves higher than normal, 16-foot tone an octave 
lower than normal, and so on. The system is even applied to 
the harmonic tones other than octaves, which are used to build 
up various tone-qualities on a large organ. Thus, j%-foot tone 
means that any key played will sound a tone two octaves and a 
major third higher (the fifth partial). 

In the above paragraph, and in other places where the length 
of pipes has been mentioned, the length given has often been 
qualified by such adjectives as roughly or approximately. Some¬ 
times the term effective length is used. This is because the as¬ 
sumption that the position of a “loop” is precisely at an open 
end is actually not correct, due to the influence of the walls of 


a pipe. This influence is such that the actual point where the 
air pressure tondergoes no variation and is equal to atmospheric 
pressure (which point is consequently the “loop” of greatest mo¬ 
tion), is found to lie at some short distance out from the open 
end. For a cylindrical pipe this distance is about three tenths 


of the diameter of the pipe. Thus, the actual wave-lengths pro¬ 
duced by pipes are somewhat longer, and the pitches somewhat 
lower, than the pipe length itself would justify, the “end cor¬ 
rection” increasing with the width of the pipe. Figure 32 shows 
three pipes, all of which produce the same pitch when under 
the same wind pressure. The influence of the end correction 
is quite apparent in their relative dimensions, and also in the 
relative dimensions of the open flue pipes shown in Figure 33, 
all of which produce the pitch of Middle C. As the width of a 
pipe decreases toward zero, the end correction decreases also. 


122 


VIBRATORY SOURCES OF SOUNDS 



The end correction might be thought to have no effect on the 
tone except in lowering the fundamental pitch. However, it 
also has an important effect on the tone quality. In fact, it 
gives an explanation of the great influence that the “scale” of 
a pipe has on its overtone content. The reason for this is that the 
end correction varies with the frequency. Thus, for example, if 
the fundamental of a pipe is loo, its second partial, produced by 
overblowing, might be 201 since the end correction is different. 



Rg. 32->Effect of end correction 
on pipe length.* 


The third partial might be 303, the 
fourth 406, and the fifth 510, perhaps. 
The effect is to distort the harmonic 
series. And yet the pipe, when stead¬ 
ily blown at fundamental frequency, 
will attempt to vibrate in a steady- 
state condition only possible with har¬ 
monic overtones. Naturally, the result 
of this is a compromise. When blown 
at normal pressure the air column 
does vibrate in a steady state, with 
truly harmonic overtones, but these 
overtones are weakened in the com¬ 
plex tone in proportion as they depart 
from the true harmonic points when 


produced separately by overblowing. Resonance decreases the 
farther away the frequencies are from true harmonic points. The 
influence of the pipe, which draws the fundamental edge tone into 


strong resonance with itself, will draw the octave into some reso¬ 
nance, the third partial into less, the fourth into still less, and so 
on. The wider the pipe in relation to its length, the more distorted 
and diffi cult of production is the overblown “harmonic series 
(which of course is no longer harmonic), and consequently the 
truly harmonic overtones become rapidly weaker in the complex 
quality produced when blown normally. By making the pipe of 


•From Audsley, G. A., The Art of Organ Building, Vol. i. New York: Dodd 
Mead & Company, Inc., 1905* 
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very wide scale, particularly with a stopped pipe, which already 
possesses no even-numbered partials, and especially if the mouth is 
“cut up high,” with a blunt upper lip, practically a pure tone 
may be secured. In pipes of small diameter, where the end 
correction becomes insignificant, the high partials are prominent. 
Organ stops which demand considerable harmonic development 
are invariably of small scale, while flute-toned stops have wide 
scales. Brass-wind instruments, which require many available 
partials, are of very small scale; wood winds of larger scale. 

It is interesting to note that the effective scale ratio is not 
constant in an instrument, but varies with the pitch. In such 
an instrument as the flute, for example, as the effective length 
of the air column is shortened for the production of higher 
pitches by opening finger holes, or by segmentation in the higher 
registers, the scale, which is the ratio between diameter and 
length, is increased. The diameter becomes more comparable 
with the length of the vibrating air column, and this tends to 
purify the tone more and more the higher the pitch produced. 

Since at “loop” points the air particles move back and forth slightly, 
and there is no motion at nodes, a very deep dent in a small-scaled 
pipe (as in a brass-wind instrument, for example) might have the 
effect of slowing down (flatting) the pitch of whatever fundamentals 
have loops at that point, and not having this effect on those having 
nodes at the dent point. This naturally would also tend to distort 
the harmonic series of many or all of the tones producible, with cor¬ 
responding variations in relative strength in the case of a steady-state 
vibration. 

Lx>udness 

The loudness of tones from an air column depends primarily 

on the force of blowing. However, such considerations as size, 

material, and manner of reinforcement have their effect also. 

For example, the pipes of a pipe organ must not be packed too 

closely together, nor too close to the walls of the organ chamber, 

if they are to be most effective in transmitting sound energy 
into the auditorium. 
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As mentioned before, the horn and trumpet may be muted 
)y introducing the hand into the bell, which not only softens the 
one but “veils” its quality and alters its pitch as well. Most of 
;he brass-wind instruments and perhaps one or two of the wood 
tvinds may be muted by pear-shaped pieces of wood, metal, rub- 
3 er, or other material, placed in the bell. Such mutes alter tone 
:juality as well, however. They are not ordinarily used in wood 
winds, but composers are calling more and more for their use in 
the brass winds. 

Generally speaking, with organ flue pipes, the louder tones 
are secured from pipes using greater volumes of air and greater 
air pressures. 

Tone Quality 

The tone quality of an air-column instrument is determined 
by the manner of vibration of the air column, which is in turn 
dependent on such factors as: 

a. Method of setting into vibration (by an edge tone 
or a reed) 

b. Size, shape, and material of mouthpiece, and of edge 
or reed producing the vibration 

c. Wind pressure, embouchure 

d. Whether stopped or open, or “half-stopped 

€. Dimensions, material, thickness of walls 

/. “Scale” of pipe, taper of pipe, shape of bell, if any 

g. Size of openings, degree and suddenness of reed 

closure, use of mute 

b. Manner of additional reinforcement, if any. 


Some of these factors affect the tone quality in complex, 

subde, and unpredictable ways, and are but little understood as 

yet. The patient lifetime of work of Theobald Bohm, who was 

able to improve gready the tone quality of the orchestral flute, as 

well as its intonation and fingering, Ulustrates the difficulties 

tViic fipld. And the flute 


. . 1 _ 
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is a relatively simple instrument alongside reed instruments such 
as the clarinet and oboe. A thorough discussion of the ways that 
tone quality is varied by these factors is therefore beyond the 
scope of this text, where much must be omitted. Thus, for ex¬ 
ample, the many variations in design and dimensions of the lip, 
the mouth of the pipe, the languid, the wind slit, the nicking. 



Rg. 33 A group of flue and reed pipes of various types and 

quolities. all tuned to Middle C. 


the ears, the curvature of the reed, and the resonating pipes 
themselves, with which an organ builder secures quality differ¬ 
entiation, will not be discussed here, except to say that in flue 
pipes, in general, low-cut mouths and sharp lips tend to produce 
complex tones. Some idea of the extent of tliese variations can 
be gained from Figure 33, which shows a group of pipes all 
designed and tuned to sound Middle C. The last eight on the 
right are reed pipes, the reed being enclosed bv the boot at 
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the bottom. For a fuller discussion of these matters as they re¬ 
late to organ pipes, the reader is referred to Barnes’ book. The 
Contemporary American Organ. 

Generally speaking, the tone of a reed instrument is more 
complex than that of one without a reed, and the tone from a 
striking reed more complex than that from a curved rolling 
reed or a free reed. 

Wind pressure affects tone quality. In general, the higher 
the pressure, the more complex the tone. In the case of organ 
pipes, all sharp corners or irregularities along the pathway of the 
wind stream as it flows to the mouth of the pipe should be re- 
moved or the tone will be apt to be windy. 

The quality, and also the pitch, of orchestral instruments may 
be varied by the lip and tongue position, and the pressure of 
these organs on the mouthpiece of the instrument. This tech¬ 
nique of the lips and tongue, and their adjustment to the mouth¬ 
piece in playing wind instruments, is termed the embouchure. 
Not only may the instrument be overblown, securing another 
harmonic, by changing the embouchure, but even a single tone 
may be altered in quality or slightly “lipped into pitch” in this 

way. 

As has already been explained, the tone of a stopped pipe 
tends to have only the odd-numbered partials: fundamental, 
third partial, fifth partial, and so on, while an open pipe may 
possess both odd- and even-numbered ones. Sometimes stopped 
organ pipes have the stoppers perforated with a hole. Some¬ 
times a smaller pipe or “chimney” is set in the hole. Naturally, 
characteristics of both stopped and open pipes appear in such 

cases. 

It is interesting to note that bending a straight pipe into curves 
or spirals, as in the brass winds, has little effect on tone quality, 
so long as there are no sharp corners in the tube. Large organ 
pipes are frequently even mitered with one or two right-angle 
bends, in order to fit them into small chambers, without harm- 
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ing the tone quality too much. Furthermore, the shape of the 
cross section of a pipe, whether square or round, has no appre¬ 
ciable effect on tone quality either, so long as the cross section 
area is unaltered. 

The “scale” of the pipe, however, has a great effect on tone 
quality, due to the “end correction” already explained in detail. 
Air columns of large scale produce relatively pure tones, the 
tone quality growing more complex as the scale is made smaller. 
It is thus much easier to get the higher partials to speak by 
themselves by overblowing small-scaled pipes than large. In 
this respect air columns are similar to stretched strings, for the 
thinner the string, the more complex the tone is likely to be, 

and the easier it is, therefore, to produce higher harmonics by 
themselves. 


The effect of tapering a stopped pipe, such as in the oboe, has 
already been mentioned. It tends to introduce the even-num¬ 
bered partials, which would otherwise be weak or absent. 


In brass-wind instruments, if the internal profile of the 
mouthpiece cup be tapered to the tube proper without an abrupt 
edge, and if the tube be given a large flare at the bell end, the 
intensity of the upper partials will be reduced, rendering the 
tone more mellow. Both of these effects are present in the 
French horn. If the flare be made too great, however, the effec¬ 
tive length of the air column becomes indefinite, and the tone, 
as Richardson says, will become dull and the natural frequen¬ 
cies of the tube difiBcult to produce. In fact, this is the very 
reason why phonograph and loud-speaker horns are made with 
large flar^so that they will be highly damped at their natural 

resonances-for they should be able to respond more or less uni- 
rormly to all frequencies. 


Vibrauons are said to be damped when they die out quickly, due 
to the di ssipation of energy in the form of heat as the vibrating^ body 
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is repeatedly distorted, and to the giving up of energy to the sur¬ 
rounding air. It is a physical fact that the more dan^>ed the natural 
vibrations of a body are (the more quickly they die out) the wider it 
the resonant range of frequencies. Light bodies with large surfaces 
exposed to the air, such as the head of a drum, have their vibrations 
rapidly damped, but therefore arc more responsive and can be made 
to vibrate by (in other words, can “pick up”) sounds of frequencies 
different from their own natural frequencies. This is somewlut true 
of air columns in general, but panicularly true of those having wide, 
flaring ends. On the other hand, heavy elastic bodies such as tuning 
forks are much less damped. An organ pipe may set a tuning fork 
into vibration, the sound continuing for seconds after the pipe has 
stopped sounding. The fork can set the pipe into vibration also, but 
as soon as the fork is removed or silenced the pipe will stop vibrating 
at once. Tuning forks can perform hundreds or even thousands of 
vibrations from one blow, before becoming inaudible, but arc respon¬ 
sive only to frequencies in unison with, or extremely close to, their 
own natural frequency. Such bodies arc said to have very sharp 
resonances. Two forks which resonate to each other may be rendered 
out of tune, so that resonance is no longer noticeable, by placing a 
tiny bit of wax on a prong of one of them, changing it no more than 
a small fraction of a tone from the other. From this it should be 
evident why the ideal sound pick-up, such as a fine microphone or 
the human ear, is very highly damped to all frequencies in the audible 
range. 


In all the air-column instruments, relatively little change in 
quality is possible after the tone once speaks, as compared, say, 
with the great amount of change possible during the bowing of 

a violin tone. 


Duration 

The duration of the tone from an air column depends on 
how long the wind pressure is maintained. The primary vibrat¬ 
ing body in an air-column instrument is always cither the air 
itself or a reed of some sort, and all of these are highly damped 
bodies in comparison with, say, a piano string, which will vibrate 
for some seconds after it has been struck- 
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Instruments 

The instruments in which air columns are used are: 

Edge tones: 

Flute and piccolo 
Organ flue pipes 
Reeds: 

Cane: 

Single: 

Clarinet, basset horn, and bass clarinet 
Saxophone 
Double: 

Oboe and English horn 
Bassoon and double bassoon 
Metal: 

Organ reed pipes 
Lips: 

Trumpet, cornet, and bugle 

French horn 

Trombone 

Tuba 

The following instruments use reeds without associated tuned 
air columns: 

Reed organ 
Harmonium 


Accordion 

Harmonica 


C. PERCUSSION 

The vibrations of stretched strings and of air columns pro¬ 
duce, as a rule, upper partials which are harmonic or nearly so; 
that IS, forming a harmonic series based on the fundamental! 
The vibrations of membranes, rods, plates, and bells, on the 
other hand, generally give rise to inharmonic upper partials 
whose frequencies are not at all an even number of times the 
fundamental frequency, and which therefore do not coincide 
even approximately with the tones of the harmonic series. For 
this reason they are of less importance as orchestral instruments. 
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serving principally as markers erf the rfaytkm and fer sp&M 
effects. They are usually sounded by being struck with some 
sort of a stick or hammer. In many instances their tones are 
so complex and full of inharmonic pardalsj and in the case of 
membranes, so rapidly damped, that they seem to have no defi¬ 
nite pitch at all. Such tones approach noise in character, and^ 
when recorded by the oscillograph, show great irregularity from 
wave to wave. It is easy to understand why percussion in- 
struriients have only a limited use musically, when we remember 
that frequently not a single strong overtone may be consonant 
with the fundamental, while in other instruments the funda¬ 
mental and the first five overtones lie in a major chord, while 
many higher overtones duplicate the tones of this chord. 

Stretched Membranes 

Membranes may be thought of as "two-dimensional strings,** 
in that they must be stretched to secure sufficient elasticity to 
vibrate. They arc usually circular, as in drums, and may vibrate 
in various forms, depending on how many nodal diameters or 
circles form. These nodes may be made visible by sprinkling 
a little fine sand or sawdust over the membrane. When set into' 


V 

ng. 34—Vifarotion of nembranes. 
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vibration, the sand is violently' agitated where ihe' 
loops are located, and collects at all nod^ points or 
figures which arc revealed in this ^2^ 

Pigs^^eSp and show at a glanoe the vibratkm'feiiin^^E^^ 
brane. Some of the simpler typicajl^ forms rrf itaeristelplfief 
tion are shown in F^;are:34.. ; Sa die 
tnaae is ^svingiG^ up aiud .down 
cgfami^eg,*dic do^ed lines 

••' .V.. ;.v 
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The pitch (as in a stretched string) depends on the size and 
the weight of the membrane, and the amount of tension it is 
under. The pitch lowers as the size or weight is increased, and 
rises as the tension is increased. Naturally, only one funda¬ 
mental pitch is available without retuning, though each size of 
instrument has a moderate range through which it may be tuned. 
However, the pitch is frequendy quite indefinite, because of the 
rapid damping of the vibration. 

The loudness depends on the force of the blow (which in¬ 
creases the displacement as in the case of the string), and on 
the manner of reinforcement. 

The tone quality of stretched membranes depends, in a 
way similar to that of stretched strings, on such factors as the 
dimensions, the point of striking, the material and shape of 
the striking point (several types of drumsticks being used), the 
manner of reinforcement (as, for example, in tympani or kettle¬ 
drums), and any natural or artificial irregularities in the mem¬ 
brane surface which would tend to determine nodal points or 
lines. Such nodal lines, even though not fully developed, reveal 
the presence of one or more inharmonic partials. And con¬ 
versely, in the same way as in a stretched string, if the mem¬ 
brane is caused to vibrate at a point which could normally be 
a node, the particular overtone corresponding to that nodal 
division will be weakened or eliminated. Thus, if the last ex¬ 
ample in Figure 34 represents a drumhead, and the drummer 
strikes it at some point on the nodal circle, he will tend to 
eliminate this discordant overtone. Drummers know that when 
they find the right striking point the tone improves. 

The duration of the tone depends on the elasticity of the 
membrane and the force of the blow. 

The eardrum is an example of a sound-receiving membrane. 
Rods, Tuning For\s 

Rods are one-dimensional, like strings, but are inherently 
elastic, needmg no stretching. Their ends are usually “loops” 
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instead of nodes. Various vibration forms are possible depend¬ 
ing on where the rods are struck and where supported. In 
transverse vibration, two such forms are illustrated in Figure 35, 
a and b, where the actual displacement is greatly magnified. 
They may also vibrate longitudinally, especially if clamped at 
some nodal point. In Figure 35c, the midpoint is a node, and 
the ends are “loops,” the arrows indicating in magnified form 



Hg. 35—Vibration of rods. 


the relative amount of vibration. If upper partials are pro 

duced, additional nodes form. 

Rods are also capable of torsional vibration. 

The pitch depends on the dimensions, and on the character¬ 
istics of the metal. 

The loudness depends on the force of the blow, and on th« 
manner of reinforcement. 

Tone quality depends on such factors as the dimensions, char 
acteristics of the metal or other material, point of striking, ma 
terial and shape of the striking point, and the marmer of re 
inforcement. Sometimes, particularly when no resonator 1 
used, several of the high inharmonic partials may sound a 
once, producing a jangling noise. If, on the other hand, thi 
points of support be properly selected at nodal points, and dn 
point of striking selected at a loop, a particular partial may h 

brought out with great purity. 




VIBRATORY SOURCES OF SOUNDS 


133 


The duration of the tone depends on the elasticity of the 
metal and the force of the blow. 

The tuning fork is essentially a bent rod. If the ends of a 
rod vibrating as shown in Figuie 35a are bent upward around its 
midpoint to form a U, the nodes are caused to move quite close 
to each other, permitting the vibrating length of the arms to be 
much longer than before. Naturally, this will increase the am¬ 
plitude of vibration of the ends, and decrease that of the middle 


segment, between the two nodes. If the rod at Figure 35^ is 
bent in this manner, the vibrating arms will swing simultane¬ 
ously inward at the same time that the base of the U is forced 
downward, and then outward as the base of the U moves up¬ 
ward. In the typical tuning fork, the base is provided with a 
stem. The up-and-down movement of this stem is very much 
smaller in amplitude than that of the arms, although powerful 
enough to set a table top into vibration. 

The tuning fork was invented in 1711 by John Shore, Han¬ 
del s trumpeter, although not used as a scientific instrument until 


many years later. It reached perfection under Koenig of Paris. 
Its tone is quite pure, giving practically a sine-curve wave form. 
What few partials are present are usually inharmonic, quite 
high, and so weak as to be unheard except at the moment of 
striking, and are reduced still further by the use of a resonance 
box tuned to strengthen the fundamental. Tuning forks are 
usually made of cast steel, and retain their pitch accuracy with 
great constancy over long periods of time. They are thus useful 
as pitch standards, as, for example, in tuning instruments to 

the ends 

are filed the pitch is raised, and if the junction between the 
^ongs IS filed (preferably on the inside), the pitch is lowered. 
When the fork is struck very hard, the increased amplitude 
slows down the frequency a bit, so that as the tone gets softer 

sometimes hear the pitch rise 
shghdy. This latter pitcn is the actual standard pitch, since the 

imtl^ rln^c nrhl- 1oc«- 
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Plates are similar to rods in that they do not require stretch- 
ing, as do membranes and strings. In this respect they may be 
thought of as “two-dimensional rods.” Their edges are usually 
in vibration instead of being nodal lines as in stretched mem¬ 
branes. They may be of various shapes, and may vibrate in 
various forms, as in membranes, depending on how their sur¬ 
face breaks up into nodes. They can be set into vibration by 
striking them, or by bowing them (on an edge). 

Some of the simpler typical forms of vibration of a square 
plate, as revealed by Chladni figures, are shown in Figure 36: 



X 



Hg. 36—Vibration of plates. 

Some of the Chladni figures for very high partials form ex¬ 
tremely intricate designs, of great beauty and symmetry. The 
number of vibration forms that are theoretically possible is very 
large in the case of plates and membranes. 

The pitch depends on the dimensions of the plate, and on the 
characteristics of the metal or other material. The tone is often 
so complex that no one pitch can be heard, but just an indefinite, 
inharmonic jangle, as in the cymbal. If the points of support, 
and of striking or bowing, be properly selected, however, the 
fundamental or any other single partial at a time may be 
isolated. Particularly is this true if a tuned air resonator is asso¬ 
ciated with each plate, as in an instrument such as the celesta. 
In thtig instrument, hammers operated by levers from a small 
keyboard strike plates, each plate being suspended immediately 

above a resonant air column tuned to it. 

The loudness depends on the force of blow or bowing, and 

on the manner of reinforcement. 
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Tlie tone quality depends on such factors as the dimensions, 
shape, characteristic^ of the metal used, where and how struck 
or bowed, where fastened or supported, the position of natural 
or artificial nodes, and the maimer of reinforcement. 

*Ilie duration of the tone depends on the elasticity of the 
metal and the force of the blow. 

The belly of a violin may be considered as a vibrating plate, 
and has been studied by means of Chladni figures. The dia¬ 
phragm of a telephone receiver, being clamped at its circum¬ 
ference^ may be considered either as a plate or a membrane. 

Bells 

Bells may be thought of as bent plates, as an extension of 
the cymbal, or as "three-dimensional tuning forks.” They are 
umally made of metal, but may be of various materials, various 
shapes, and can vibrate in various vibration forms, depending 

on how many nodal lines or circles form. The rim is always in 
vihratioiu Glass bells may be 

made to vibrate so strongly by ^ 

bowing them on the rim that 
they will shatter. 

i i;ne^ simplest form of bell ffl W» 

vibration, that which is respon- ^ilj 

.^siUe for the “hunartone” heard >l I j Ij'*' 

4 ]Sfthe sound of a bell ijj 

iwgi^^as sfaovm in F^jure 37, 

^^Qia^iiag *1^ 4 t tile itottom rini. 
fiodhSoe ci^^ shorn the 

ff the rim is ^ 

blow poiilf P; dm *"®" *7—VlbRiflon of belb. 

At d*^ saine time point 9 traveb 
pcMBte Tr and af are forced ou^varcL The domd- 

ia m;^nified foim. The rim 

tiiis to £cnxa 
fo dllM^ted by foe daKti./! 
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line, then back to the circle and the dotted-line oval, and so on. 
In this type of vibration, the intersections d£ the circle with one 
oval are not quite at the same points as its intersections with the 
other oval. Thus there are no actual nodes, no point remaining 
completely quiet. These four pseudo-nodes on the rim are the 
extremities of four pseudo-nodal lines, called nod(d meridians, 
which run upward from the rim to the crown of the bell. Along 
them, although there is no in-and-out motion, there is motion 
in the plane of the surface, as indicated by the arrows. This is 
why such a bell as a glass goblet may be set into vibration by 
rubbing a wet finger around the rim. 

In addition to this simplest form of bell vibration, there are 
many others, many of them bearing no harmonic relation with 
each other, so that the tone of a bell is the result of an extremely 
complex type of vibration. More than four nodal meridians may 
Form. Also, nodal circles may form, passing around the bell at 
various distances up from the rim. Tyzzer has found, for exam¬ 
ple, for a 250-pound bell, sixty-eight tones in the region from 
the fundamental (hum-tone) up to a frequency of 13,000, with 
as many as seven nodal circles in some forms of vibration and 
as many as thirty nodal meridians in others. Often two or 
more of these tones lie quite close in pitch, and this is one cause 
J)f the beating to be noticed frequendy in the sound of a bell. 

The pitch of a bell depends on its size, particularly its internal 
diameter, on the characteristics of the metal or other material, 
and on the shape. The greater the size, the lower the tone. 
However, the pitch which our ear assigns to a bell, particularly 
when several bells are sounded successively as in a chime, is not 
the pitch of the fundamental hum-tone which is heard as the 
sound dies away. Instead, the so-called “strike-tone’* deter¬ 
mines the heard pitch of a bell, and this is always higher than 
the hum-tone, and dies away more rapidly. According to 
Jones,*® the strike-tone heard by the ear corresponds to no actual 
vibration form of the bell, but is judged an octave below the 
fifth partial, this fifth partial being frequendy inharmonic, of 

-Jones, Arthur Taber, Sound, page 352 . New York: D. Van Nosirand Companst. 
tnc., 1937- 
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course. In one bell, the fifth partial had a frequency of 3.43 
times the fundamental, so that the strike-tone was heard as 1.71 
times the fundamental. Much concerning these matters is still 
unknown. We do know that it is necessary to cast bells larger 
than needed so that they may be tuned by cutting and grinding 
off metal. If metal is removed from the rim, the pitch is raised. 
To lower the pitch, metal is removed some distance back from 
the rim. However, when metal is thus removed, the inter¬ 
relationship of the overtones is changed, and it becomes neces¬ 
sary to remove metal at some other point in order to retune the 
overtones. Too much metal may not be removed, however, for 
if in the tuning process the bell is left with too light a weight, 
the tone quality is again impaired. 

The loudness depends on the force of blow. 


The tone quality, which is usually of very great complexity 
because of the presence of many inharmonics, depends on such 
factors as the dimensions, shape, characteristics of metal used, 
thickness at various points, where and how struck, chance flaws 
in the metal, and so on. For church bells a special alloy is used, 
called bell metal, and containing from three to four parts of 
copper to one part of tin. Silver and gold, as Richardson 


pomts out, are no better than this alloy for bells. The bell 
founder attempts to make the lower partials as prominent and as 
harmonic as possible, first by a proper design, and then by 
removmg metal at various sections if necessary. In particular, 
he makes the bell thickest just above the rim, this thickened 
portion bemg called the sound bou^. The ideal arrangement 
for the p^tials is thought to be such that the frequencies of the 
first five, beginnmg with the hum-tone, have the ratios 113:2.4:3:4 

corresponding to: . ro — t j 


for a &bell. &me founders attempt to tune the overtones to 
us^eme, where it is seen that the second partial, being an 

page io?^2ndom' and oj the Organ 



octave below the fifth, has therefore been made to coincide with 
the strike-tone. This ideal is seldom realized, however. Accord¬ 
ing to Tyzzer, these five partials are produced by the following 
modes of vibration: 


Vibration Ideal Nodal 

Tf^ode ratios meridians Nodal circles 

4 

1st 140 

2nd 241 

3 ’^^ 2.4 6 I (mid-way) 

4^1 361 (near rim) 

5th 4 8 I 


It is even a possibility that the nodal meridians may rotate 
aroimd the bell during vibration, further complicating the result 
as heard by any stationary observer. 

The waxing and waning of the tone of a bell may be due to 
the principle illustrated in the following experiment. If a teacup 
(a form of bell) be tapped at a point diametrically opposite 
its handle, or at points 90° from its handle, the pitch produced 
by the fundamental type of vibration is lower than when it is 
tapped at points 45° from the handle, because in the latter case 
the handle is at a node, and less weight needs to be moved. 
When tapped at intermediate points these two pitches may be 
heard together, as a discordant jangle. Similarly, large metal 
bells often are not entirely homogeneous and symmetrical, and 
their intermittent beating sound, particularly when the tone 
is d3ring out, may be caused by the combination of two neigh¬ 
boring but distinct rates of fundamental vibration due to this 
absence of uniformity. And of course, as has been mentioned, 
there is always the possibility of two entirely different types 
of vibration form having frequencies close enough together to 

cause beats. 

The duration of the tone depends on the elasticity of the 
metal, the force of blow, and of covu-se on the atmospheric con¬ 
ditions when heard from a distance. 
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Bells are used singly, in chime sets of various numbers, and 

in the heroic instrument called the carillon, which consists of 

a chromatic scale of many bells, usually covering at least three 
octaves. 


Instruments 


Membranes, rods, plates, and bells are employed in the fol- 
lowing instruments: 


Stretched membranes: 

Tympani 

Other drums, tambourines, etc. 
Rods: 

Xylophone 
Hollow chimes 
Bent: 

Triangle 
Tuning fork 



Plates: 

Celesta 1 

Glockenspiel or 
orchestral bellsJ 
Cymbals 
Gong 
Bells: 

Carillon 
Bell chimes 


vibrate almost 
as rods 


Single bells 


D. VOICE 

The human voice is unique among instruments in its power 
to express emotions. This is due partly to its ability to carry 
a definite thought content in the words spoken or sung, and 
partly to the fact that from the very beginnings of our racial 
and our mdividual lives, long before we knew any other instru¬ 
ment we have been learning to react to voices expressing some 
emotion or other. 

TJe human voice is unique also in the tremendous variations 
^ssib e m Its tone quality. In this respect it has a range and 
eabihty greater than many other instruments. In spite of 
this, or perhaps because of it, the production of the voice is the 

W of all instruments. Tradition and cant hold 

stray m this field long after they have been amended or clarified 
with other instruments. “Methods” are swallowed whole and 
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fought for in an « priori spirit, instead of being verified or dis¬ 
carded as the result of patient inductive experimentation. And 
yet voice teachers cannot be entirely blamed for this, because 
the voice mechamsm is not only quite a complex structure mus- 
cularly, capable of tremendous and facile variation in the rela¬ 
tions of its parts and the character of its surfaces, but is in 
addition never entirely under conscious control. And when to 
these facts is added the fact that we cannot take the voice 
mechanism apart to see its operation, and put it together again, 
as we can do with any other, man-made, instrument, we under¬ 
stand why so much of voice teaching has always been a rather 
subjective, imscientific procedure. Thus, in teaching voice, cir¬ 
cumlocution is necessary. The required setting must be secured 
through roundabout and subde ways. The throat must be 
coaxed or surprised into its proper large shape, until a measure 
of control be gained over the powerful constrictor muscles. 
The successful vocal teacher usually has recourse to some form 
of imagery, which typically takes the form of “placing” the tone 
somewhere in the front or upper part of the head. It has been 
found that the attempt to do this secures the proper setting of 
the larynx and chief resonators in the throat, whereas if the 
attention is placed on these latter, a tightness usually is to be 
heard, the voice then being called “throaty,” or “white.” 

Manner of Production 

The voice is produced by the action of a stream of air from 
the lungs, which is pressed up through the windpipe against 
the resistance of a pair of membranes stretched together or 
almost together at the top of the windpipe to form the glotus. 
These, the vocal cords, are set into vibration, and the cavities 
which lie above them (the laryngeal chamber, the back of the 
throat, the mouth, and to some extent the head cavities), are 
responsible through resonance for the overtones which determine 
the various vowels and types of voice quality. However, as to 
the wav that the cords vibrate and interact with the resonators, 
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there is considerable disagreement, not only among voice teach¬ 
ers but among scientists as w^elL Two theories have been in 
conflict for many years: (i) the “steady-state” or harmonic the¬ 
ory, and (2) the “transient,” or inharmonic theory. 

The steady-state theory assumes that the vibration of the cords 
produces in the air immediately above them a complex form of vibra¬ 
tion containing a fundamental and a large number of the members 
of its harmonic series, and that the effect of the resonating cavities 
above is to modify this complex, strengthening whichever compo¬ 
nents lie near to the natural resonant pitches of the cavities, and thus 
weakening the other components. 

The puff theory assumes that the vocal cords act in vibration as 
a pair of ‘cushions” stretched together across the windpipe. First 
they are forced apart by the air pressure from the lungs, permitting a 
sharp, explosive puff of air to get through. Their tension then pulls 
them together again. The air pressure then builds up and forces 
another puff through, and so on. The number of puffs per second 
gives the frequency of the fundamental of the tone being sung. The 
overtones are added by the resonators, but the cavities are here assumed 
to be set into resonation by shock excitation” from the sharp, impul¬ 
sive air puff released from the cords once in each fundamental cycle. 
Their free vibration is then more or less damped during the period 

between two successive puffs, until they are “set going” again by the 
next puff. 


In both theories the cords should usually be thought of not 

as stretched strings but as a double reed, periodically releasing 

and more or less closing off the stream of air. And in both 

theories, vowel and other vocal quality differences are explained 

largely by changes in the size and “coupling” of the resonators, 

which changes are learned through practice and imitation when 
the young child learns to talk. 


The theories differ m that the steady-state theory has the cavities 
op^aung merely as selectors on an already complex tone, while the 
puff theory has Aem producing tile overtones by being set into vibra- 
uon by the puffs from below. Thus, in the steady-state theory the 
overtone are harmontc and steadily maintained, while in the puff 
theory the overtones are usually inharmonic (since the pitch of the 
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cavities need bear no harmonic relation to that of the cord tone), 

and decrease in amplitude, sometimes to zero, in each fundamental 
cycle. 

Because of the points of agreement between the two theories, their 
differences may be ignored in certain lines of study. Some physicists 
consider the differences to be merely academic, differences in repre¬ 
senting the phenomena in physical terms instead of actual differences 
in the phenomena. However, it seems to the writer that the puff 
theory is preferable when the emphasis is on the physiological aspect, 
at least as an explanation of the lower register. This register, fre¬ 
quently called “chest,” is used predominantly by all male singers, and 
also for the lower half of the contralto range, and the lowe^ tones of 
sopranos. For sopranos and falsetto male voices there is an increas¬ 
ing tendency for the puffs to become less explosive, the cords remain¬ 
ing open a greater part of the time of each fundamental cycle. It is 
as if the cords then act less as reeds and more as if they were being 
bowed by the air stream. And in this case the forced energizing of 
the upper resonators becomes less and less effective as the force of 
the puffs decreases. It would then be possible for the cavities to act 
more as selectors, were it not for the additional fact that when this 
occurs the cords are producing in the air next to them not a complex 
tone with many partials available for selection, but a very simple tone. 
Oscillograph records of soprano tones and male falsettos rarely show 
the presence of more than the third partial in any appreciable amount, 
and frequently nothing but the octave or just the fundamental sine 

curve itself. 

Whichever theory we subscribe to, however, the vocal cords 
may be correctly described as a vibrating mechanism generating 
a train of waves which pass upward and are modified by the 
action of the resonators, and especially by the first resonators 
to be reached, those of the back throat. It is also true that a 
similar train of waves passes downward into the chest, but 
these are probably of little value to the tone quality, because 
they are largely absorbed by the spongy tissues of the lungs. 
And whatever vibration may be felt on the surface of the chest 
can add little to the power of the voice, as its effect on the out¬ 
side air is infinitesimally small as compared with the effect of 
the waves issuing from the mouth. When a voice is properly 
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produced this chest vibration is quite evident, and so also is 
a feeling of head resonance; but in most cases these would 
seem more truly to be effects of proper powerful resonation in 
the back throat than to be important contributing causes of 
the good quality. 

Fitch 

The pitch of the voice depends on the tension and the thick¬ 
ness of the vocal cords, and on the length of them that is 
permitted to vibrate, paralleling roughly in these respects the 
action of strings. All of these factors, as well as others con¬ 
cerned in voice production, are under the control of an intricate 
network of muscle fibres. When passing from one register to 
another as the voice ascends the pitch scale, one or more defi¬ 
nite changes occur in the muscular action. The extreme range 
for the human voice is from about 6o vibrations per second for 
a low bass to about 1300 for a very high soprano. However, 
Gaspard Forster is said to have sung a tone of 44 vibrations 
a second, and the soprano Agujari one of 2048. The natural 
average difference of approximately an octave between men’s 

and women’s voices is due to the fact that the male vocal cords 
are longer and thicker. 

Loudness 

Loudness depends on the breath pressure (provided the cords 
can be tensed sufficiently to resist properly the breath pressure), 
and on the proper setting and enlarging of the resonators, par¬ 
ticularly the back throat. A large throat permits a more vigor¬ 
ous action of the cords, sufficient space for resonating the tone, 

and a free egress through the lower pharynx and over the 
tongue. 

Tone Quality, Placement 

Tone quality is dependent on factors which may be grouped 

in three broad classes: (,) vibrato, (2) action of vocal cords, and 
( 3 / settmg of resonators. 
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The importance of the vibrato to tone quaUty has already 
been discussed under that heading in Chapter i, and illustrated 
in Figure 5. The vibrato adds “life” or “warmth” to the tone. 
Voices which contain few or no overtones, such as the colora¬ 
tura soprano or male falsetto, are heard as “booty” or “cold” if 
not enriched by the usually present vibrato. Voices which are 
normally rich with overtones but lack a vibrato are not satis¬ 
fying, and may be heard as “throaty.” And even voices with 
such an arrangement of overtones as reveals the fact that they 
are definitely “throaty” (produced with a tight throat) are 
made fairly acceptable or even pleasant if they can be given a 
satisfactory vibrato, even if only an artificially produced one. 
It usually happens, however, that a badly produced voice has 
no vibrato or else a bad vibrato or tremolo. When, for example, 
oscillograph records of voices were classified on the basis of the 
amount and the evenness of the vibrato discernible to the eye, 
the order was a close approximation to the ranking of the voices 
on the basis of beautiful tone quality. 

The differences arising from the action of the vocal cords 
have already been intimated. An explosive cord action (cords 
remaining closed for half or more of the vibratory cycle, opening 
for only a relatively short, sharp, explosive puff, and quickly 
closing again), permits many overtones to be present. As the 
cord action becomes less explosive in nature, the resulting tones 
become less and less complex, frequently even to the point of 
becoming quite pure and sunple tones with no observable over¬ 
tones. 

In addition to the effects of the vibrato and the cord action, 
there are almost limitless possibilities for variation of tone color 
among human voices—and even very great possibilities in a 
single voice—due to the many variations possible in the size and 
shape of the flexible resonating cavities; through changes in 
the setting of the jaws, cheeks, tongue, lips, throat muscles, and 
other parts; and, as pointed out by Russell, through changes in 
the character of their surfaces. When the setting of the vocal 
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cords and resonators that gives the best quality of tone is secured, 
the voice is said to be properly “placed" and on this basic quality 
are superposed the finer qualitative differences responsible for 
the variations between the vowels. There is considerable evi¬ 
dence to indicate that the basic quality, at least in the good male 
voice, is a formant somewhere in the general region of 400 to 600 
cycles, caused by the resonance of a large back lower pharynx, 
arid that the singer attempts, with more or less success, to main¬ 
tain this element throughout most if not all of the vowels. In 
throaty voices this formant lies higher, perhaps as high as 1000 
or 1200, due to a much smaller back throat. Speaking gen¬ 
erally, the vowels themselves are produced by changes in the 
^pe of the organs above this important back lower resonator, 
^ere is a rather continuous change of throat and mouth set¬ 
ting (and therefore of the overtones involved), as one goes from 
00 through oh, aw, ah, a, eh, a(y), t, to (See also the dis¬ 
cussion of the formant theory in Chapter i.) 

'Hie most effective “placement” is often secured by thinking 
of the tone as being produced in the head, nasal passages, near 
the hps, or some other “forward” position. The familiar “in 

m' rr”PI “ principally, however, 

psychological dlusions which aid in securing an enlarged throat 

where the mam resonation takes place. The voice, in song or 

speech, IS never imtiated elsewhere than in the larynx,” and the 

resonation is almost always in that part 
of the back throat immediately above the larynx 

Investigations at the Peabody Conservatory h^ve shown that 
whm proper placement is secured good male voiees show also a 
rdatively large amount of energy in a region lying between 

Tuorr T "f ^ «"‘rring rougSy 

^und 28 w. Many female voices show a similar fffect ft I 

ro^at higher average point. This is the “ring” in the voice, 

Tile "pseudo-voice” which persons who have had th 1 
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or the “high formant,” It is probably produced by a form of 
resonance in the laryngeal chamber itself, and is in direct propor¬ 
tion to the amount of “chest quality” being used. This high 
formant is present in varying amounts in all male voices, al¬ 
though in poorer ones it is usually less prominent, and may run 
up considerably higher than the above average figures. Speaking 
generally, the better the voice, or the louder the tone, the more 
prominent this formant becomes, at least during some part of the 
vibrato cycle. Although its amoimt may vary with quality or 
with intensity, for the most part its pitch averages around 2800- 
2900 cycles for men (or from about F to Fit of the last octave 
of the piano), regardless of the fundamental pitch, the vowel 
sung, or the type of voice (whether bass, baritone, or tenor). 
This frequency is less prominent and sometimes almost entirely 
absent in speaking voices. The typical speaking voice of the 
majority of individuals is produced with the throat in its normal 
position of relative constriction, which lessens the amount of this 

high formant. 

It is interesting and possibly significant that the natural resonant 
frequency of the ear canal is very close to the point we have found 
for the natural frequency generated in the human larynx. Figure 38 



-TTiS e*-tfX6 fhtBS /r*37U 

(rundarmi^Ql Frt^tKy) 


Hg. 38— Relation of meotus resonance to high formant in male voice 


shows how close this correspondence is, in the case of a good baritone. 
The dotted line represents the average of 41 records, using four vowe s 
over the pitch range indicated. The shaded portion represents the 
area included between the boundaries of meatus resonance as give 
by Helmholtz (2640-3168). Many other voices show this same cor¬ 
respondence. It would seem to be more than ,ust 
the condition of the throat that makes possible a loud, full, roun 
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tone production with minimum strain to the singer should produce 

precisely that tone which, at least during a part of the vibrato cycle, 

contains a large amount of energy (sometimes well over 50%) in the 

relatively narrow frequency region for which his, and the listener’s, 

ear is most sensitive. One is tempted to draw some interesting evolu¬ 
tionary conclusions.^® 


It must be borne in mind, however, that “2800” is not the sole, 
nor even the most important, determinant of good quality. 
Voices which possess it at the proper point and even which 
possess it in large degree, may still be of poor quality due to the 
lack of a suitable vibrato, or of a low enough low formant. If 
these are already present, the addition of a strong high frequency 
at the point for which the hearer’s ear is most susceptible will 
have the effect of adding a very desirable “ring” or brilliance. 

Investigations on the female voice have indicated tendencies 
similar to those noted in the male voice, with two exceptions: 
(i) the high formant centers still higher, perhaps around 3200 
cycles, corresponding to a somewhat smaller larynx; and (2) 
some types of tone with much smaller percentage of high for¬ 
mant are accepted as good. The coloratura type will sometimes 
have practically no high formant at all, but is considered good 
because of its purity, and especially because of its agility. As 
mentioned before, soprano tones rarely contain many overtones, 
the high formant tends to drop out at some point as the pitch 
mes and aesthetic judgments of “quality” tend to be made on 
the basis of other criteria than those used for lower voices. It 
would seem that m women a much larger part is played by the 
head voice register, which corresponds in some respects to the 
usually undeveloped “falsetto” in men. If the head-register tone 
la^s a satisfactory vibrato, it can become very objectionable 
mdeed, especially if sustamed at a high or loud pitch. It is a 
pure tone (lackmg overtones) and must therefore get its rich- 
n^ugh *c vibrato if used for sustained work In rlpW 

«vhichteTt^ng«tT^e^adL*^^^ frequencies 
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passages, however, where the individual tones are sometimes too 
short for even a single vibrato cycle (between one seventh and 
one sixth of a second on an average) to be heard, the “booty” 
type of tone loses its “hoot” and can be very delightful. 

Objectionable “nasality” in a voice probably is caused usually 
by having the entrance into the nasal pharynx opened by a 
relaxed velum, but not having, in addition, the size of the lower 
pharynx increased by the operation of the downward-pulling 
group of muscles. The throat may even be more constricted 
than before. Sometimes anatomical differences are responsible, 
such as an abnormally thick tongue, for example. This com¬ 
bination of an open nose and a constricted throat, although it 
results in a weaker tone, produces one with a larger percentage 
of nasal resonance, because of the small part played by a tight, 
small throat. With a greater degree of “throat” (at a lower 
resonant frequency), the same amount of “nose” means only a 
relatively small percentage of the total. In this better balanced 
tone it is then not called nasality, which is always from a small 
throat, but head resonance. 

We can sum up and generalize by saying that the good, sus¬ 
tained tone quality is characterized by: (i) the vibrato, life, or 
warmth; (2) the low formant, “resonance,” roundness, or 
sonority; and (3) the high formant, ring, or shimmer. Figure 
39 illustrates these three characteristics. A good tone and a poor 
one were produced by a baritone voice. Graphs a and b are 
from the good tone, and c and d from the poor one. a and b, 
and also c and d, have been selected approximately one-thirteenth 
second apart in order to indicate the timbre change between 
extremes of the vibrato cycle. A 500-cycie timing wave is >dsible 
also. Notice in this figure: first, the lack of the timbre vibrato 
in the poor tone (the wave forms c and d being quite similar, 
and a and b quite different); second, the fact that the low char¬ 
acteristic, which is a third partial in the poor tone, has lowered 
to a second in the good tone; and lastly, that the high frequency, 
which is quite marked in the good tone, is almost completely 
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absent from the poor one. Furthermore, the good tone is able 
tO produce a much greater intensity than the poor one, as evi¬ 
denced by the larger amplitude in the wave form. These tones 
were sung on Eb above Middle C (311 cycles), so that the third 



Kg- 39-Good quality contrasted with poor quality in male voice 


partial 


There is some evidence to 


mdicate that the presence of any considerable energy in the 
region roughly around 900-1500 cycles, when supported by a 
strong louder resonance, gives a tenorish quality to the voice, but 
when not so supported gives it a distinctly ugly quality. 

Physiological and Psychological Aspects of Good Voice Quality 

These attributes of good quality are not entirely independent, 
ornately, but tend to be linked together with each other and 
with a certain physiological coordination. Without considering 

* * .1 of variations in the shape 

condmon and moisture of the cords themselves, or the many 

Md caplet adjustments of the intra-laryngeal muscles, it may 

kJtd that a certain setting of the throat region tends to T- 

duce or permit all the attributes of good quality. It consists 

papally m: (i) the relative relaxation and lowering of tongue 

d jaw; (a) *e enlarpment of the pharynx, either thro^i 

permittmg the larynx to lower, the sides nf .u - 
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or the back part of the tongue to move forward; and perhaps 
(3) a comfortable lifting of the soft palate, provided no undue 
muscular tension results, and provided the entrance into the head 
passages is not closed. This coordination involves the inhibition 
of one of the most powerful, automatic, and constantly used 
reflexes, the swallowing coordination, the muscles of which are 
normally in a state of partial tension in many individuals. This 
tension may be quite unconscious, so that for many persons, as 
Stanley points out, a constricted throat may be thought to be 
“relaxed.” The relaxation of the swallowing coordination is 
difficult for most persons, and the stiff tongue, jaw, or throat 
remains a major problem. 

Since the attributes of good quality all seem to be furthered 
by a large throat, this should be the main concern of voice teach¬ 
ing, as has been emphasized by Stanley and others. It seems as 
though we could almost say that there is one vocal fault—a 
small, tight throat—and that it sometimes shows itself in the loss 
of one of the attributes of quality, sometimes in the loss of 
another. In Figure 40, A and B illustrate the wide differences 
between the small throat and the enlarged throat. And these 
diagrams do not show anything below the level of the tongue. 
Additional enlargement can take place behind and below the 
curve of the tongue. Vocal teachers are successful largely to the 
extent that they are able, through one method or another, to 
enlarge the throat. It is in the method that they differ. How¬ 
ever, if one examines a large number of these methods, one finds 
a very large percentage of them agreeing on the need for “getting 
something or other up” This universal plea of voice teachers 
to “get it up,” or “forward,” or “against the teeth,” or “in the 
masque,” or “all through the head,” or “away from the throat,” 
helps to secure the ideal throat setting by relaxing and drawing 
attention away from the powerful, and so often reflexly con¬ 
trolled, upward-pulling muscles of the swallowing group, which 
in normal speech usually hold the throat entirely too small. 
These must be permitted to relax and to be overbalanced by the 
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A, Typical throat position in 
normal speech. Note small throat. 



C. Position resulting from too 
much *’pulhng down” effort. Note 
extremely tense rear pillars. 



B. Typical throat position for 
good singing tone (”ah”). Note 
relaxed pillars. 



D. Position resulting from too 
much "pulling up” effort. Note 
tenseness of pillars. 



E. Pathological throat. Enlarged 
and infected tonsils and swollen 
uvula. Open-mouth position. 



F. Same as E, throat position for 
good singing tone. Note obstruc¬ 
tion of throat-opening by tonsils, in 
spite of relaxed rear pillars. 


Rg. 40—Throat positions. 
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downward-pulling group which tends to lower the larynx and 
stretch the throat. If the upward-pulling muscles are unduly 
contracted when one attempts to sing, there is a definite sensa- 

b in the throat, and a definite, objectionable, 

“whitish” quality to the tone. 

« 

There are innumerable variations of this imagery of head resonance. 
Any typical textbook on voice will furnish examples. In addition to 
the value of such imagery in tending, in a negative manner, to relax 
the swallowing muscles by drawing attention away from them, it has 
the very great value of tending in a positive way to gain the needed 
relaxation of the swallowing coordination by attacking it at a weak 
point. The attempt to “put it up” tends quite definitely to open the 
passage over the velum into the nose, and this cannot be done without 
securing, at least partially, the valuable relaxation which permits the 
throat to be enlarged and used to its best advantage. The reason for 
this is to be found in the peculiar nature of the physiologic structure 
of the back of the mouth. A detailed discussion is beyond the scope 
of this text, but may be found in other articles by the author. 

There is no doubt that the concept of “head resonance” of some 
sort or another is of the greatest aid to the typical voice teacher. Al¬ 
most any direction to the student to get the tone “up” somewhere or 
other, is of value, since with many students any mention of the word 
throat will cause a reflex constriction of the throat instead of an 
enlargement. On the other hand, repeated experiments show that, 
although the attempt to feel head resonance frequently improves the 
tone markedly through certain physiologic and psychologic effects, and 
is therefore to be considered good pedagogy, the actual resonating of 
sound in the head cavities is of very htde importance, if any, in the 
physical production of good quality. Corroboration of this is to be 
found in the work of other investigators. Paget, for example, exam¬ 
ined certain good singers whose tones, as tested by a stethoscope 
applied to the nostril, were found to be made with the nose-head 

system closed off behind the uvula. 

Thus the main resonators are not in the nose or head, but in the 
back part of the throat, and somewhat in the mouth—the former affect¬ 
ing more the basic quality of the voice, and the latter being of more 
importance in vowel differentiation.^^ “Head resonance is to be 

is, however, possible to recognize most of the vowels through a stethoscoDC 
aoplied to the throat immediately above the larvnx- 
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conceived rather as a result of the throat setting which makes powerful 

ringing tones f)ossible than as an important contributing cause of 

that quality. It is quite jjossible, after the ability to secure the enlarged 

throat has been acquired, to learn to lift the velum just enough to 

close off the naso-pharynx and destroy the head resonance while still 

maintaining the enlarged throat and the relative relaxation of the 

swallowing group. And yet, one of the most effective ways of first 

learning how to secure that throat setting is by the use of some such 

imagery as head resonance.” Thus, one should not condemn this 
imagery. 

Anything may be carried to a harmful extreme, however. In the 
attempt to put it up” it is possible to use so much misdirected effort 
that the tongue or jaw muscles become tensed (upward-pulling coor¬ 
dination), even though the larynx is held down by the downward- 
pulling group. This condition is about as bad as when the downward- 
pulUng ^oup tenses in an unsuccessful attempt to lower a larynx that 
IS held high. In both cases there is great waste of effort and loss of 
control. In the former case, however, because of the direction of pull, 
Acre IS a tendency to pull the cords away from each other through 
hypertension of the tissues. The tone will then simplify, in proportion 
as the cord vibrauon loses its explosive character. It is possible that 
mis IS me explanation of me over-pure, “booty” type of voice pro- 

arched°eyTbrowr^'’ associated wim me “gooseneck” appearance Ld 

The antagonistic, simultaneous action of bom coordinations is 
obviously bad no matter what me position of me larynx, for me typical 
r«ults of mcoordinated action are present: waste of effort, loss of 

Fvenrh ^Mstmcnts, undue strain, and even pain. 

U the mroat size were correct, it could not long be main- 

Tc Infill ^ Fi&tire 

bemg more ten^ man necessary for me pitch being sung, have nar- 
rowed me widm of me mroat, and in addition the tone production is 
probably being spoiled by hypertension in me laryngeal region These 
lustrations, however, must not be considered^ a! enS typtS 

.0 iL*' '“T ''-chers me 

improve quality are analyzed, most or all of them wfll also be 

found to be devices for directly or indirectly enlarging the W 
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The teacher may not be aware of this, but simply knows that 
such devices get results. Thus, the proper taking in of breath 
will often loosen the interfering muscles, the jaw relaxing more 
and more, the deeper the breath. The throat will be stretched 
and the larynx lowered, because the lungs descend slightly dur¬ 
ing inspiration, drawing after them the trachea. The feeling of 
the beginning of a natural yawn, or the relaxation felt after its 
completion, are aids to securing a large throat. If the yawn be 
forced, or if it has passed into the rigid phase, this aid is of 
doubtful value. The ability to groove the tongue strengthens an 
important member of the throat enlarging set of muscles, al¬ 
though the grooved tongue position cannot be maintained while 
singing. The attempt to continue breathing out through the 
nose while singing, feeling the passage of the air or the resonat¬ 
ing of the sound in the nose cavities, will aid throat enlargement 
through the necessary preliminary relaxation of the palate 
fulcrum, the fixation point from which the swallowing muscles 

operate when they contract the throat. 

Vocal “methods” are by no means as incompatible or irrec¬ 
oncilable with one another as is often thought. In a very real 
sense most of them are seeking the same thing, and usually in 
much the same manner. The differences, often magnified 
through jealousies, are in the type of imagery used; and when 
methods conflict, the disagreement is almost always to be located, 
not in the realm of physical fact, but in this irrational realm of 
imagery, so necessary to the teacher while at the same time so 
delusive and untrustworthy. If the representatives of different 
methods will draw the sharp line which should separate fact 
from fancy, a very large and now unsuspected common ground 
will be found, which will give room for the growth of ^e 
sympathetic cooperation necessary for the solution of remaining 

problems. ^ , 

It is not that fancy, in the form of the voice teacher s manitold 

imagery, is to be condemned. Quite the contrary. But it must 
be known to be imagery, valuable and varied though it is. Being 
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imagery, it should be used merely to suggest indirectly, through 
its psychological effects, a certain muscular setting which is 
awkward for the begmner. The teacher, though using it, should 
bear in mind at all times the true facts, because when imagery 
becomes so vivid that it is transferred into the physical field, and 
used to explain physiologic and acoustic phenomena, it becomes 
extremely dubious, unreliable, and even false. It is this misuse 
which is largely responsible for the bitter controversies over vocal 
methods, as well as for their often comical explanations of the 
act of singing. Furthermore, since imagery is largely individual 
and thus variable, when it is trusted as a physical explanation, 
the so-called True Method” becomes as variable as the indi¬ 
vidual temperament, instead of as stable as truth is usually 
expected to be. 

Duration, Breath Control 

The duration of a vocal tone depends on the breath capacity, 
^d on the economy of its use in producing sound. If the breath 
is exhausted too rapidly, because of imeven cord surfaces, tones 
cannot be held long, and frequent breathing is the result. It is 
naturally an advantage to be able to make each breath produce 
tone for as long as possible, with no wastage. A breathy tone 
aUows more air to escape through the glottis than necessary. How¬ 
ever, a worse fault than this is an improper control of expiration 
There are two ways of controlling the expiration of breath! 
One IS by restricting the flow at the larynx itself, with the 
laryngeal area acting as a valve. But this cannot be done with¬ 
out the assistance of the throat-constricting muscles, which as 
we have seen, is very detrimental to the quality of the voice. 
For a powerful ringing male voice, and even for a rich contralto 
or a flexible coloratura soprano, the constrictors and the “pillars” 
should be as relaxed as possible for the particular pitch being 
sung, m order to permit as large a throat as possible. The breath 
expiration should therefore not be controlled at the throat. The 
correct way is through balancing the two sets of muscles which 
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control expiration and inspiration. These are, respectively, the 
large abdominals, which push inward and aid in expiration, and 
the diaphragm, which contracts downward to enlarge the lungs 
in inspiration. When these are both in operation simultaneously, 
opposing each other in a nicely adjusted coordination without 
undue tension, the diaphragm “holds back” in its relaxation suf- 
ficiendy to slow down the air flow to the proper point. In this 
way the breath may be inspired or expired at an extremely slow 
rate if necessary, while at the same time the throat is permitted 
to remain wide open except for the apposition of the cords, 
which need have no undue tension beyond that necessary to 
maintain vibration at the intended pitch and loudness. How¬ 
ever, when this coordination is once learned it is perhaps better 
to think of the breathing musculature only during the act of 
inspiration, letting the thing take care of itself during the actual 
singing. A proper inspiration prepares the throat for good tone 
production, and during the actual tone production the mind can 
be used to better advantage in remembering “placement” sensa¬ 
tions, or interpretation—^particularly since expiration is normally 
the passive (relaxing) action of the diaphragm, and inspiration 
the active (tensing) one. 

Song and Speech Contrasted 

One difference between song and speech is that, in general, 
song prolongs the vowels and shortens the consonants, while 
speech does not dwell on vowels, and therefore is occupied with 
consonantal sounds for a larger proportion of the time. The 
reason that song tends to prolong the vowels is that vowels in 
general may be sung with an open throat and mouth, permitting 
power as well as beautiful quality, whereas consonants are usually 
produced by narrowings or more or less complete closures at 
one or more points between the back of the tongue and the lips. 
Also, since song has usually an artistic aspect, it is usually riot 
in as much of a hurry as speech, which is almost purely utili¬ 
tarian. Song can afford to sacrifice speed for beauty. Speech, 
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on the other hand, must usually get its message across as quickly 
as possible, and since the understanding of it is based largely on 
perceiving the consonants, these are usually sufficiently empha¬ 
sized while many vowels are passed over as quickly as possible. 
Instead of an enlarged back-throat resonator as in good singing, 
the result is then a more or less constant tonic constriction of the 
throat durmg speech, because of the frequent occurrence of 
consonants without sufficient intervening vowel time to permit 
enlargement. The positions of the larynx, pharynx, tongue, 
velum, bps, and other parts, is almost constandy changing, to a 
much more rapid degree than in song. The musculature is 
therefore kept m that degree of tonicity and constriction that 
will enable it to respond most effectively and rapidly to the 
toands of understandable consonant and vowel production. 

us speech, m English, and in most languages, tends to sacrifice 
eauty or rapidity. Italian, which has fewer closures, and more 
words endmg in vowels, is a possible exception. 

This fundamental distinction between song and speech is not 
^ways realized. Many authors insist that song and speech are 
identical m mech^ism. In theory perhaps they are. In practice 
they most certa^y diverge, at least in many persons. We have 
o y to notice the great difference between the voice quality of 

dehghtfu resonance and “ring” in the speaking voice of the 
^a^nJ smger who knows how to maintain the open throat 

This same explanation applies to the special difficulty which 
presents itself to the smger, a difficulty presented by no other 
ms^ment, and one which goes far toward explaining the deaTffi 
of ^ voices as compared, let us say, with good violinists or 
gMd pianists. Smce the voice is almost always under the neces- 

hearer many consonant sounds, it must constantly be makinir 
^. tongue or moudr closures a, the same ttae th” it ? 

P g to keep these parts as wide open as possible for the 
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sake of power and quality. These two things, in their very 
nature, are forever at odds. Frequently the result is a partial 
incoordination which favors either tone quality or enunciation. 
Only occasionally is a singer able to achieve both of these de¬ 
siderata, and then he or she usually accomplishes it by learning 
how to make all consonants emphatic but as short as possible, 
holding off their entrance while keeping the parts enlarged on 
a vowel as long as possible, pronouncing the consonant rapidly, 
and immediately opening up again for the next vowel. In the 
interests of economy of motion, as Aikin points out, consonant- 
closure action should be done as much as possible with the agile 
tongue, and with no more cooperation from the slower-moving 
jaw than absolutely necessary. Naturally, in view of the import¬ 
ance of the large throat, diphthongs should be held on the larger 
vowel of the two. “Light” should be sung “lah—eet,” holding 
the ah and not permitting the ee sound to be anticipated in the 

least until time to close the word. 

Another difference between song and speech is that, in 


general, song follows a more or less strict melodic outline, sus¬ 
taining for definite durations certain pitches in a certain scale, 
with relatively little but rapid sliding from one pitch to another; 
while speech has no formal melody, but slides constantly up or 
down depending on the sense of the words to be inflected. The 
sustaining of certain pitches and qualities, as in singing, makes 
it more difl&cult to imderstand the words, even if they are care¬ 
fully pronounced. As Jones points out: 

When we are speaking there is a continual change from one sound 
to another, and it has long been recognized that the distinctness of 
any vowel depends in large measure on the contrast between it and 
other sounds that precede it or follow it. In connected speech there 
is usuaUy no difficulty in recognizing different vowels, but if any 
chosen vowel is sung steadily for some time the lack of contrast soon 
makes the vowel less easy to recognize. In fact it seems to be true 
that a vowel is characterized, in part, by a quaUty which changes 

while the vowel is being spoken. 


20 Op. cit., page 363 . 
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The actual ranges of pitch and of loudness demanded of the 
singer are greater than in normal speech. The power in a sung 
vowel may reach a level ten thousand times as great, in physical 
units, as the average power in a spoken vowel during ordinary 
speech. The art of good singing has become highly artificial, 
in the sense of its being formalized and requiring much more 
ability than normal speech. 


W hispering 

Whispering occurs when the cords themselves are not brought 
near enough together to vibrate normally but the sounds of 
speech are produced, instead, through feeble excitation of the 
resonating cavities by the passing of the breath through one or 
more constricted places somewhere in the throat or mouth. The 
glottis could be one of these constricted places, but the constric¬ 
tion which is responsible for the sounds of whispering is 
frequently, if not usually, elsewhere in the throat or mouth. 


E. NOISE 

A sound either so complex, or so irregular, or both, that it 
seems to have no tone when heard by itself, is called a noise. 
There is, of course, no definite boundary between tone and noise. 
Borderline sounds are sometimes classed as tones, sometimes as 
nowes. An extreme ponticello violin tone begins to shade into 
noise. And many noises shade into tones. If a wooden stick 
be dropped on a hard floor, the resulting sound would usually be 
c assed as a noise. And yet it has a quite definite pitch, as is 
made very dear if several sticks, tuned to different pitches 
^ m the bars of the xylophone, are dropped one after the other’ 
Quite recopiizable tunes can be played by the successive noises 
produced by dropping such sticks. However, as Watson has 
worded It, noise is more usually thought of as made up of 
sounds ^at are loud, sudden, disturbing, or disagreeable, and 
more likely to be an unpitched sound than a musical sound ” 
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definition 


to a person, 


can affect the noisiness of sounds. 

“any undesired sound.” Accord- 
finest music may at times be noise 


Noise in Percussion Instruments 

Rhythm is essential to music, and noise of one sort or another 
is very effective in marking the rhythm. Thus, although a part 
of the sound made by such rhythm-marking instruments as the 
drums and cymbals could be called tone, a large part of it seems 
to our ears only noise, since the presence of inharmonic fre¬ 
quencies destroys the regularity of the vibration form from wave 
to wave. And yet we would be quite unsatisfied by music that 

never contained any rhythimc beats from these or similar 
instruments. 

Another very important use for noise is in a powerful climax 
chord, where tone alone would never satisfy. Thus the orchestra 
gets its most intense effects by adding to the full volume of tone 
the noise produced by tremolos on drums and tympani, and on 
the climactic beat a crash on cymbals and gong. 

Jazz music has always emphasized noise, and the modern 
trend in legitimate orchestral composition is also toward an 
increasing use of noises not heretofore used in music, sometimes 
in attempts to imitate the noises of modern industry and 
transportation, but often with no programmatic implications. 


Noise Elements in All Instruments 

In addition to the noise produced on the percussion instru¬ 
ments of the orchestra, there is a certain amount of noise present 
in practically every tone on any instrument, frequendy at the 
moment the tone begins. These noises aid us in identifying the 
instruments in an ensemble. In the piano, there are the noises 
of the fingers on the keys, of the keys on their felt beds, of the 
hammers striking the wires. In stringed instruments, there arc 
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the noises caused by irregularities in the way the rosin particles 
catch the string, by the rattling of the string on the finger board, 
and by the finger striking the finger board. In wind instru¬ 
ments there are noises from the fingering of the keys. In reed 
instruments, there are the noises from setting the reed into vibra¬ 
tion, from reed quacks” or buzzing, from breaks in the tone, 
hi flutes, there is the hissing sound of the breath. In brass 
instruments, there is the short preliminary noise when tone is 
begun. Not all of these are always present, particularly when 
the instrument is played by a skilled performer, but some of 
them can never be entirely eliminated. 

Noise, therefore, is universally present. It has a very im¬ 
portant place in mudc, and a real aesthetic value, when used in 

moderation, m helping to portray the emotional content of the 
music. 


Noise and Health 

There is some evidence to indicate that a moderate amount 
o noise can be ^ aid to concentration, to work output, or even 
to relaxation. Thus some persons prefer to have radio music 
as a background noise when they are trying to study. And for 

c^LTer^^l ^ “ frequently more of an aid to sleep [han 

cr become^"’ ’ P^^icularly in modern cities, 

an become a great annoyance and even a positive daneer to 

hedth and weU-bcmg. City dwellers live in a constant sea of 

ise from traffic, budding construction, whistles, bells, peddlers 

ne- 1 d-tiLrs 

S ^ a“i 

than a certain intensity is detrimental Ir hac u ^ 

gested that it is a contributing cause of Ciw™ 

are beginning to realize all fhi. 8“™”“““ 
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noise in various ’ways. Heavy trafl&c noise is loud enough to 
render inaudible a peal of thunder which would seem deafening 
in the country. And the constant attempt to talk above a back¬ 
ground of such noise can cause voices to become harsh and 
strident. 


Harmony and Scales 









We come now to the questions of why certain intervals sound 
pleasing and others do not, and why certain rules of harmony 
are necessary. We cannot go far in the study of the history of 
music without realizmg that our musical likes and dislikes are 
often founded on more or less vague aesthetic reasons, or perhaps 
on no more than prejudices. However, many of them have a 

sounder basis, a basis in acoustic phenomena, and it is with these 
that we are principally concerned here. 

Belation of Consonance and Dissonance to Harmonic Series 

As a matter of fac^ the scientific basis of consonance and dis- 
mnance, and of the fundamental rules of harmony, is to be found 
in the relationships of the harmonic series, although it must be 
constandy borne in mind that their development has been gready 

fenced by aesthetic principles as wcU. As the successive 
intervals of the harmonic series become smaller, they to 

become we^er^ but more and more dissonant. The most 
^nant interval we know outside of the unison (which is 
My ^ interval) is the Octave (ratio of frequencies being 
1^, and It IS dm first mterval of the harmonic series. It is m 

th^ its upper and lower tones cannot dways be 

% the car when heard togedieri and because this 

between ito they have been given the same leaser 
The ocmve js the mdy ihtevd whidi is found in every 
o todter m ctsftfntey or what ndiod of b.Wr» .v 
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was used. Even in Chinese music, in which it is theoretically 
impure, it is probably produced fairly correctly in actual practice. 
Also, the octave was the first interval used for concerted singing, 
doubtless appearing originally when men and women together 
sang the same melody, because the natural pitch difference 
between the male and female voice is roughly an octave. The 
use of the octave in concerted singing was called magadizing. 

The next most consonant interval is the perfect fifth (ratio 
2:3)5 which is the second in the series. The third interval in the 
series is the perfect fourth (ratio 3:4), although because of its 
“hollow” sound and its melodic tendency to “resolve” to the 
major third, it no longer has the importance as a consonance 
that it once had. Nearly all primitive scales include these inter¬ 
vals as primary division points of the octave. Furthermore, the 
first attempts at concerted singing after the octave, were made 
in fifths and fourths iorganum'). Untrained singers of our own 
day are sometimes heard to sing at the interval of a perfect fifth 
from another singer. 

The fundamentality of these intervals is illustrated not only 
by their order of appearance in the harmonic series, but also by 
their frequency of appearance therein. For example, among the 
first sixteen partials of the series (see Figure 3, page 9), the 
octave (1:2 relation) occurs eight times—1:2, 2:4, 3:6, 4:8, 5:10, 
6:12, 7:14, and 8:16. The perfect fifth (2:3 relation) occurs five 
times—^2:3, 4:6, 6:9, 8:12, 10:15. The perfect fourth (3:4) occurs 
four times—^3:4, 6:8, 9:12, 12:16. 

The next in the series are the major and minor thirds (ratios 
4:5 and 5:6). Their inversions give, respectively, the minor sixth 
(5:8) and the major sixth (3:5). Beyond the thirds come major 
and minor seconds and still smaller and more dissonant intervals. 

Even though Wallaschek has reported that some of the most 
primitive races of men sing in harmony, it seems to be more than 
a historical coincidence that the order in which intervals have 
been accepted for use in music performed in parts parallels as 
closely as it does the order in which they occur in the harmonic 
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series. The supposition is that^ since most tones are complex, 
man s ear had imconsciously been absorbing the sound of these 
intervals in the harmonic series of many of the tones he heard; 
and when he desired to use intervals for their own sake, they 
naturally appeared in musical history in the order of their appear¬ 
ance (and loudness) in the harmonic series. Thus, for example, 
for a long period of time during the classical age, pieces in a 
minor tonality were required to end on a major chord, the Tierce 
de Ptcardie. This was even extended to the ends of phrases, as 
in madrigals, where “false relations” often occur between the 
last chord of one phrase and the first of another. Later on. 

however, the minor third was accepted as sufficiently harmonious 
for a closing chord. 

Since thirds have now largely superseded fourths and fifths 

as consonant intervals, it is interesting to conjecture whether 

seconds will ever become as common as thirds are now. Thus 

ffie chord of the added sixth (the presence of the major sixth 

degree m a final major chord, giving a major second between 

ffie fifth and the sixth degrees), which was being pioneered 

fifty years ago, is now a commonplace of popular music, both 

melodically and harmonically. Also, the Chopin Prelude in F 

major, which closes on a dominant seventh chord, may be men- 

fioned, although this particular composer may have meant to 

introduce ffiis dissonance for some imaginative or programmatic 

purpose. Major seconds and major sevenths above the tonic 

and even more violent dissonances, are creeping into final chords 

now, as man pushes back the horizons of consonance in his 
search tor new artistic experiences. 

However, some theorists, notably Watt, believe that the 

h^momc ^ „,der has li„le or no*ing ,o do wid. *e ht 

characteristics will always be the most satisfactory ^consonances 

of '■dative harmonic usefulness 

the mtervals may be adduced in another way. If, as we have 
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seen is usually the case, the tones used in music carry with them 
« harmonic series, when two such tones are sounded together it 
may be that certain upper partials in one series will He close 
enough (within a tone or semitone) to certain of the other series 
to produce objectionable beating, which will greatly increase the 
roughness of the interval. It is found that the order of musical 
intervals in terms of roughness, secured in this way, also tends 
to correspond to the order in which the musician places them on 
purely aesthetic grounds. For example, in the case of the octave, 
the partials of the upper tone all correspond to alternate partials 
of the lower, adding nothing new, but only reinforcing elements 
already present. Consequendy, there is no beating or dissonance. 
With an interval like the minor third, however, the third partial 
of the upper tone falls close to the fourth partial of the lower; 
and the fourth of die upper quite close to the fifth of the lower. 
The resulting beating and dissonance helps to give the minor 
third its veiled quality. 

With more complex tone qualities such interference of partials 
becomes more and more objectionable. It is thus evident that 
the purer the tones used, the safer it is to employ dissonant 
intervals without having the resulting chords too rough. Even 
major thirds become roughened to an ear accustomed to smooth¬ 
ness and blending, if played loudly on an instrument giving a 
very complex tone, although the effect is valuable where the 
emotional content of the music justifies it. Such principles have 
often been put into use unconsciously by composers whose sole 

criterion was, “Does it sound good?” 

On the other hand, the more partials present in the tones, 
the greater is the possibility of producing intervals precisely in 
tune. This is because the dissonance increases markedly as such 
an interval is put slightly out of time, due to the beating of the 
particular partials or fundamentals which should be in unison 
with each other for that interval. For example, the presence of 
the second partial in piano tones is what enables the tuner to 
secure true octaves, since the second partial of any tone will beat 
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with the played octave of the tone if the interval is imperfect. 
Similarly, in the case of a true perfect fifth, the third partial of 
the lower tone and the second of the upper should exactly 
correspond. With complex tones which possess these partials in 
sufficient intensity, therefore, precise tuning of the interval is an 
easy matter, due to the ease of locating the relatively consonant 
point between two dissonant, beating, regions. If even one of 
the tones used is pure, or does not contain the particular partial 
needed for this purpose, tuning becomes more difficult. Clar¬ 
inets, speaking generally, do not possess the second partial to any 
great degree. Therefore, if the clarinet were the upper tone of 
a perfect fifth, and a violin the lower one, precise tuning would 
be difficult, unless there were a coincidence of other, higher, 
partials, such as would occur if there happened to be a strong 
sixth in the violin and a strong fourth in the clarinet, for ex¬ 
ample. If the instruments were reversed, however, precision 
would be easier because the clarinet has a strong third, and the 
violin has second and third partials. 

Evolution of Diatonic Scale (True or ‘‘Just” Intonation) 

“It is advisable to guard at the outset against the familiar 
misconception that scales are made first and music afterwards. 
Scales are made in the process of endeavouring to make music, 
and continue to be altered and modified, generation after gen¬ 
eration, even till the art has arrived at a high degree of maturity.” 

With this warning from Parry ^ in mind, let us consider the 
evolution of our scales. 

The modern diatonic scale has its roots in these same funda¬ 
mental relationships of the harmonic series that have determined 
the harmonic use of intervals, although its development has 
again been moulded largely by aesthetic considerations. The 

development of this scale is thought to have been somewhat as 
follows. 


n ^ Hubert H., The Evolution of the Art of Music, page 20 

D. Appicton-Ccntury Company, Inc., 1930. 


New York: 
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The first music consisted of tonal motion only, pure 
melody, with no conscious thought of definite steps. Such were 
the rude sliding cries of the pre-savage. Next came the selection 
of certain points for the tones, as when the primitive flutes were 
pierced with several holes. Man’s social contacts then system¬ 
atized these chance points into primitive scales, of which there 
were many. Many of these scales persist in various parts of the 
world today. It is only in “Western music,” where a harmonic 
development evolved, that the diatonic scale as we know it 
became predominant. When men and women sang simple 
melodies together in such primitive scales, probably thinking 
they were singing in unison, the natural difference in their voices 
of approximately an octave, together with the attraction of this 
interval because of its fundamentality in the harmonic series, 
established this interval in their minds. The drawing power of 
the perfect fifth and the perfect fourth then caused these inter¬ 
vals to appear, perhaps as division points of the octave. (Of 
course, they were not known by these names, since they were 
at first imdivided into five and four tones, respectively.) It is 
difficult, if not impossible, to say which of them appeared first. 
Perhaps they appeared simultaneously, since one of them is 
merely the octave inversion of the other. A fourth below a C, 
for example, gives us the G which is a fifth above the next 
lower C. And there is strong evidence to show that many primi¬ 
tive scales were not conceived upward, as is our harmonically 
conceived scale, but downward. We can be fairly certain, how¬ 
ever, that these two intervals appeared early, later to become 
strongly felt division points of the octave. 

From then on, however, if not before, natural physical laws 
had less to do with the process of scale development, and aes¬ 
thetic and practical considerations more. Consequendy, the lines 
of scale development have diverged greatly according to various 
factors in the different racial cultures. The Hindu scales divided 
the octave in a different way from the Chinese, and these again 
differently from the Egyptian scales. Many varieties of penta- 
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tonic, hexatonic, and heptatonic scales arose. Old Egyptian 

flutes from the year 3000 b.c. (the Bronze Age) have a complete 

diatonic scale, and parts of diatonic scales have been found in 

instruments dating from the Stone Age. According to Parry,=* 

most of the known scales of the world may be grouped in two 

broad classes: (i) pentatonic scales, in which semitones are rare, 

but in which the interval of the perfect fifth is prominent; and 

(2) heptatonic scales, in which semitones are common, and in 

which the perfect fourth is the interval which seems to have 

been first recogmzed. It must be admitted, however, that in the 

scales of some races one or the other, or even both, of these 

primary intervals are absent. The subject is a vast one, and 

entirely beyond the scope of this text. Here we are interested 

only m tracing the particular line of development that led to 

our diatonic scale, and upon which the entire edifice of “Western 

music has been built. And the connecting link between the 

ages of pre-historic music and the age which produced a Bach 

IS to be found, m the field of music, as in so many other fields, 
m ancient Greece. 

Parry also says; “The first scale which history records as 
havmg been used by the Greeks is indeed absolutely nothing 
more than a group of three notes, of which those which are 
furthest apart make the interval of the fourth, and the remaining 
note IS a semitone above the lower note.” The effect can be 
secured by playing C and the Ab and G below it, Ab acting 
as a downw^d “leading tone” to the G. The Ab was perhaps 
introduced first as an embellishment to the G, and therefore 
had no definite position. Later, another tone was introduced 
between the Ab and the C, filling out what came to be known 
as a tetr^hord. The tone, the interval produced by the dif¬ 
ference between the fourth and the fifth, as we call these inter- 

X discovered early; and along with various 

other types of division, attempts were made to divide up the 

^ger mtervals mto tones. Various methods of tuning the 

^ Op, cit., page 27. 
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tetrachords were tried. It was found that when two tones, 
approximately the size of the tone between the fourth and the 
Mth, were taken out of the fourth, the remaining interval was 
about half a tone. Thus began the subdivision of the fourths 
mto somethmg resembling more or less what we know as two 
tones and a half tone, giving various types of tetrachords, de- 
pendmg on the order of the tones and half tone. The combina¬ 
tion of these various tetrachords in various ways and at various 
pitch levels gave rise to the old Greek modes, which were later 
also adapted for use by the Church. Even then there was no 
sense of harmony and tonality as we now know it. Performers 

and smgers would end on almost any tone, feeling no need of 
ending on a “tonic.” 

At this time efforts were made to produce two or more 
melodies together, and during the centuries of this polyphonic 
effort, it became clear that a certain arrangement of whole and 
half tones was vastly superior to other arrangements in this new 
art. The somewhat humorous side of it, as Parry ® says, is that 
this arrangement, which was arrived at only after centuries of 
experimentation, was one of the modes that had been known 
all along, but had been rather looked down upon as an inferior 
specimen of its kind. This mode was the old Greek Lydian 
mode of Aristoxenus. It had been taken possession of by the 
troubadours and other secular musicians of the Middle Ages, and 
was held in contempt by the churchmen as the “wanton mode.” 
It was thought to incite licentiousness. It had the same arrange¬ 
ment of whole and half steps that our modern major scale has; 
whole, whole, half, whole, whole, whole, half. The half step 
between the seventh and eighth degrees furnished the sensitive 
leading tone, thereby aiding in the establishment of the sense of 
tonality. However, this mode, which is today known as Pytha~ 
gorcan intonation, did not have exaedy the same sizes of whole 
and half steps (hemitones, as they were called), as the modern 
scale. Instead, its intervals had the following rados; 


» op. cit., page 57 . 
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Ltdian Mode (Pythagorean Intonation) * 


Interval 


Ratio 


I St (whole tone) 

8:9 

2d 

8:9 

3d (hemitone) 

243:256 

4th (whole tone) 

8:9 

5th 

8:9 

6th 

8:9 

7th (hemitone) 

243:256 

Interval from 


1st tone to: 


2d 

8:9 


64:81 

4th 

3-4 

5th 

2:3 

6th 

16:27 

7th 

128:243 

8th 

1:2 


(approx. 18:19) 


It was soon realized in the theory of polyphonic music, and 
possibly in actual practice as well, that the Pythagorean third 
(64:81), al^ough quite satisfactory as a melodic interval, was 
somewhat inharmonious when sounded by two simultaneous 
tones, as when two polyphonic melodies sang a third or pro¬ 
gressed in thirds. It was realized that if this ratio were shortened 
to 64:80, or, in other words, 4:5, the considerably simpler and 
more harmonious interval of the true major third of the har¬ 
monic series would be secured. Pythagorean intonation has 
mperfect (too sharp) major thirds from the first, fourth, and 
fifth degrees of the scale. (In other words, the third, sixth, and 
seventh degrees are too sharp.) If these are all shortened to 
true^jor thirds, the result is a considerably simpler series of 


probably did not know the concept of "freouencv ” 
sin<* he did his work in terms of ratios of string length. ^ trcqucncy. 

Some confusion may arise as to the name “I ** i_- 

he applied to the Church modes will^^ids ■aonian” h. *“mibar with the names 
of Aristoxenus. Ionian to correspond to the “Lydian" 
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ratios, which is known by the names of the true diatonic scale, 
true intonation, or ]u$t intonation, as follows: 

True Diatonic (Major) Scale (True or Just Intonation) 



Letter names 


Interval 

in \ey of C 

Ratio 

ist (major whole tone) 

C to D 

8:9 

2d (minor “ “ ) 

D “ E 

9:10 

3d (semitone) 

E “ F 

15:16 

4th (major whole tone) 

F “ G 

8:9 

5th (minor “ “ ) 

G “ A 

9:10 

6th (major “ “ ) 

A “ B 

8:9 

7th (semitone) 

B “ C 

15:16 

Interval from 



first tone to: 



2d (major whole tone) 

C to D 

8:9 

3d (major third) 

C “ E 

4:5 

4th (perfect fourth) 

C “ F 

3:4 

5th (perfect fifth) 

C “ G 

2:3 

6th (major sixth) 

C “ A 

3:5 

7lh (major seventh) 

C “ B 

8:15 

8th (perfect octave) 

C “ C 

1:2 


*f these ratios are reduced to the lowest terms possible on a 
common base, we have the following series of numbers to 

represent the just scale: 

24 : 27 ; 30 : 32 : 36 : 40 : 45 : 48 
do re mi fa sol la ti do 

It must be borne in mind that these figures represent ratios, not 
absolute values, and that this scale can be constructed on any pitch if 
we employ these same ratios. Thus, in the same way that we find 
the frequency of the octave above a tone by multiplying its frequency 
by 2, or that of an octave below by multiplying its frequency by Vz. 
so we can determine the frequency of re by multiplying the frequency 
of do bv 27/24 (or 9/8), or that of do by multiplying re by 24/27 
(or 8 9). It should be clear, therefore, that the difference of the 
number of vibrations of two consecutive tones a semitone or whole 
tone apart, or any interval of any scale, for that matter, varies widely 
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depending on how low or high the interval is in the pitch scale, 
although the ratio the two frequencies bear to each other is always 
necessarily the same as long as the interval is unchanged. From 
Middle C to D will be a jump of twice as many vibrations as from 
C to D each an octave lower. This is illustrated by the following table 
giving the frequencies for four octaves of just intonation based on 
A-440: 


c 

132 

264 

528 

1056 

D 

148^ 

297 

594 

1188 

E 

165 

330 

660 

1320 

F 

176 

352 

704 

1408 

G 

198 

396 

792 

1584 

A 

220 

440 

880 

1760 

B 

247 54 

495 

990 

1980 


It is difficult at this time to know precisely to what extent 
just intonation remained a matter of theory or was adopted in the 
practice of the music of the ti m e. Barbour feels that it is very un¬ 
likely that it was in use during the sixteenth century, the golden 
age of polyphony. It seems likely, however, that it was used in 
choral singing in final tonic chords, and perhaps in otherwise 
fairly static chords, where there was time for a mutual timing 
adjustment to take place between singers of various parts. The 
same may have been true of combinations of instruments in 
which adjustment was possible. Whether keyboard instruments 
were ever tuned to make just intonation possible in practical 
music is open to question. Certain it is, however, that the precise 
relationship of the diatonic degrees determined by the series of 

ratios 24:27:30:32:36:40:45:48 will yield the greatest number of 
naturally harmonious and pleasant combinations. 

We see that there are two sizes of whole tone in this scale, 
one with the ratio 8:9, and one 9:10. Thus, while the old Lydian 
mode bore considerable resemblance to the just diatonic scale 
ui &at it contained the same order of tones and half tones it 
made no distinction between major and minor whole tones,’its 

^ made up of too intervab of 

atio 8®. This distinction, which gave the new scale true 



major thirds (made up of 8:9 plus 9:10, and giving therefore 
a ratio of 4:5 for the just third), shifted three tones slighdy 
from their positions in the Lydian mode. It should be men¬ 
tioned that the advisability of this change of ratios was noted 
even by the later Greeks themselves, Didymus and Ptolemy 
having suggested the very alteration urged by Zarlino and others 
many cenmries later. Whether the Greeks heard even a true 


major third as a consonance, however, is open to question. The 
relative pitch distances of the degrees in the two scales are illus- 
trated in a and b of Figure 41. 


(a) 

Lydiam or 

Pythagorean 


W 

Just 

diaionir 


M 

Tempered 

inUhatian 


H 9 . 41 —Relative sizes of intervals in Pythagorean intonation, just 

intonation, and equol temperament* 

Some persons believe that the relationship of tones in the 
just diatonic scale was suggested direcdy by the laws of nature, 
perhaps because they think they sing it by natural instinct. It is 
true that six of its tones may be secured by using *the 8th, 9th, 
loth, i2th, 15th, and i6th pardals from a tonic fundamental, 
and the other two tones by using two pardals from a subdomi¬ 
nant fundamental. Or, we may consider the scale to be derived 
entirely from a subdominant fundamental five octaves below the 
ja of the scale by taking the 24th, 27th, 30th, 32d, 36th, 40th, 
45th, and 48th pardals of that fundamental. However, it is 
assuming a great deal to suppose that such roundabout expla¬ 
nations account for the development of the scale. In the above 
case, for example, we should have to imagine that our ancestors 
heard partials as high as the 48th in complex tones, and that 
their ears were pardcularly struck by just those which produced 
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a diatonic scale, neglecting the effect of those in between, and 
of the lower and much more prominent ones! Furthermore, we 
are inclined to forget the fact that certain Oriental scales, as 
well as primitive scales of certain races, contain intervals which 
do not bear any resemblance to the diatonic intervals, yet are 
apparently quite satisfactory to their users. And intervals which 
are satisfactory tend, through repetition, to become “instinc¬ 
tively natural. A scale with consonant intervals is unnecessary 
for a race who never use tones in combination, but sing every¬ 
thing in unison or octaves. ^Vhere polyphony or a harmonic 
sense develops, the scales tend to be consonant. Ellis has said, 
“Musical scale is not one. not natural, or even founded neces¬ 
sarily on laws of constitution of musical sound, but very diverse, 
very artificial and very capricious.” ® 

Other persons believe that the just diatonic scale is all true 

and perfect. Unfortunately, this is not so. By reducing to 

lowest terms the ratios of the various triads in the just scale we 
get the following; 


Triad on first degree 

second “ 

“ “ third “ 

“ »“ fourth “ 

" “ fifth 

“ “ sixth “ 

“ “ seventh " 


4:5 :6 
27:32:40 
10:12:15 
4: 5 :6 
4: 5 :6 
10:12:15 
45:54:64 


'^e triads on the tonic, subdominant, and dominant, having 
e ratio 4:5:6, are all true major triads, such as would be 
formed ^ the fourth, fifth, and sixth partials in a harmonic 
series. This is the great primary advantage of just intonation 


always equispaced in these cases and is nor Jo “e holes is almost 

would be necessary to duphca“ “ur scrl^ HowL^ ratio that 

to certain in our own sysL we 1 « inteforn ’ “ correspond 

the^. an exceedingly dangerous unjustified p^^edurT‘'”primiri“' 
to Wead. often had intervals either increLing or 6 ^ 1 ^ 
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over its predecessors. The despised “wanton mode” had proved 
the easiest of all the modes to adapt to the requirements of the 
new harmony which was developing, because of the ease with 
which its arrangement of tones and semitones permitted the 
alteration that gave perfect major triads on these three im¬ 
portant harmonic reference points in the major scale. The 
Lydian was the only mode that had these triads even approxi¬ 
mately major. The triads on the third and sixth degrees of the 
just scale are true minor triads, such as would be formed by the 
tenth, twelfth, and fifteenth partials in a harmonic series. No 
combination of tones in the Lydian mode, or as it is now called, 
Pythagorean intonation, will give these ratios of the true minor 
triad. However, when we come to the intervals on the second 
degree of the “true” scale, we find imperfection. The triad on 
the second degree is not true, since its fifth is too flat. If we 
would raise its fifth (sixth degree of the scale) we would throw 
it out of tune for the subdominant triad. If we lowered the 
second degree itself, as when tuning it for a true subdominant. 
for the minor tonality, we would throw it out of tune for the 
dominant triad of the major tonality. The interval from the 
second to the fourth degree is not a true minor third, either, 
being too flat. This also cannot be remedied without spoiling 
other intervals. We are obliged to put up with a bad minor 
triad on the second degree of the scale, both the third and the 
fifth of this triad being wrong.® The triad on the seventh 
degree of the just scale is even more dissonant. 

Thus we see that even the “true” diatonic major scale is in¬ 
capable of having all of its intervals in perfect harmony, and 
must be considered pardy as based on the relationships of the 

^ The older Lydian mode was superior in this respect, maintaining pure 3:2 ratios 
for the cadcndal progression of roots descending by fifths, such as E—A——G—C, 
Some theorists, Goetschius, for instance, believe this to be the more natural scale than 

the )ust intonation as a basis for harmony. 

It is interesting to note that if we start with the subdominant F, and take five 
fifths upward, we get F—C—G——^A, which when placed in the same octave give 
us a pentatonic scale: C——F—G—A—C, F—G—A—C—D—^F, etc. Taking two 
more fifths, we get the remaining members of a diatonic scale. 
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harmonic series, and partly as a more or less conventional and 
artificial series of tones, yielding a large number of consonant 
intervals. It surely was not dictated by any imperative natural 
laws, although it was moulded in its development by some of 
the intervals of the harmonic series. And although it has its 
false intervals, it has no less than sixteen perfectly consonant 
intervals within the compass of one octave, more than double 
the number in the original form of the scale. 

Our modern pure minor mode, starting on the sixth degree 

of the major, may be considered to be made up of three minor 

triads, one on each fundamental degree. Reference to the table 

on page 175 will show that the new tonic and the new dominant 

will be pure minor triads, since the triads on the sixth degree 

and the third degree of the major have the ratio 10:12:15; 

that the subdominant will be impure, since the ratio is 27:32:40. 

In other words, if we are constructing a true scale of A minor, 

the old D would have to be lowered. If this is done, the ratios 
of the steps are as given on page 178. 

The minor mode could be said to correspond roughly with 
the Greek Hypo-Dorian or Aeolian, except that it must always 
be remembered that our modern sense of tonality was unknown 
to the Greeks. This sense of tonality did not even take firm 
root until about the time of the death of Handel or the birth 
of Mozart. Thus, whereas the Greeks would have felt no de¬ 
sire to use a G# instead of a G in what we know as the “har¬ 
monic scale” of A minor, we feel the need of this because, 
hearmg the A as a strong and final keynote in a definite tonality 
we desire to have the G# as a more definite and satisfactory’ 
leadmg tone mto the A. The alteration of this tone in this 
orm of the scale of course would alter the above ratios ac- 
cordmgly, and this form of the scale is considered to be made 

on A subdominant, and a major triad 

on the dommant In both the pure and the harmonic minor 


foms there will b. „ „-iaa on tne sixth degr 

the mmor (the old major subdominant), although this too 


van- 




Letter names 


Interval 

in A minor 

Ratio 

1st (major whole tone) 

A to B 

8:9 

2d (semitone) 

B “ C 

15:16 

3d (minor whole tone) 

C “ D 

9:10 

4th (major " ) 

D “ E 

8:9 

5th (semitone) 

E “ F 

15:16 

6th (major whole tone) 

F “ G 

8:9 

7th (minor “ “ ) 

G “ A 

9:10 

Interval from 



first tone to: 



2d (major whole tone) 

A to B 

8:9 

3d (minor third) 

A “ C 

5:6 

4th (perfect fourth) 

A “ D 

3-4 

5th (perfect fifth) 

A “ E 

^’3 

6th (minor sixth) 

A “ F 

5:8 

7th (minor seventh) 

A “ G 

5:9 

8th (perfect octave) 

A “ A 

1:2 

Triad on ist degree 

A—C—E 

10:12:15 

« « 2d “ 

B—D—F 

135:160:192 

« « « 

C—E—G 

4:5:6 

« “ 4th “ 

I>—F—A 

10:12:15 

“ “ 5th “ 

E—G—B 

10:12:15 

“ “ 6th “ 

F—A—C 

4:5:6 

« « 7th “ 

G—B—D 

108:135:160 


ishes in the ascending form of the “melodic minor,” where F 
is raised to F# to eliminate the melodically awkward interval 
of the augmented second. In the descending melodic minor, 
the GS and F# become and —in other words, the pure 
minor. If G# and F# were retained, the descending scale would 
be indistinguishable from a major scale until the third degree 

from the bottom were reached. 

The major and minor forms of the diatonic scale may be 
said to have come to maturity when the sense of tonality became 
fixed. This sense of tonality implies an artistic classification 
of the different degrees of the scale as to their functions, some- 




_ HARMONY AND SCALES 179 

thing which no other scale system ever attempted. No matter 
how much ingenuity the Chinese, Indians, Persians, Greeks, or 
other peoples expended in dividing their intervals and working 
out various modes, all of these essentially melodic conceptions 
seem to have stopped short of such a classification of the func¬ 
tions of tones in relation to a “home tone.” It remained for 
Western music, and then only after many centuries of develop¬ 
ment, to achieve a harmonically conceived scale, a sense of 
tonality, and an appreciation of the functions of the scale de¬ 
grees. It was in the seventeenth century, according to Parry,^ 
that men began to have a distinct sense of an artistic classification 
of the tones of the scale. The name note or tonic of a scale 
arrived finally at its decisive position as the starting-point and 
the resting-place of an artistic work. The establishment of the 
major chord on the dominant note—the fifth above the tonic— 
gave that note the position of being the center of contrast to 
the tonic; and upon the principle of progress to contrast, and 
back to the initial starting-point, the whole fabric of modern 

harmonic music is built. The other notes fell into their places 
by degrees.” 

Need for Temperament 

With all of its advantages, it would seem that just intonation 
would have lasted a long time. Actually, it was soon changed 
agam, for reasons of practical convenience in the composing 
and performance of music. As a matter of fact, Barbour be¬ 
lieves that there is little if any available evidence that just in¬ 
tonation was seriously considered as a practical tuning system 
except by a few mathematicians like Kepler and Descartes. Its 
undoubted beauty in theoretical tuning met with serious diffi¬ 
culties m keyboard mstruments. Such difficulties as have already 
been mentioned were by no means the only ones to present them- 
^Ives m practical use. Two modes only had survived, the 
majo^d mmor, which greatly limited artistic choice of ma- 

' op. at., page 58. 
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terial by composers. This made modulation a necessity, and 
when music began to demand greatly increased harmonic and 
melodic resources, due to the impetus of the increased artistic 
activity during the Renaissance and later years, a more flexible 
scale became essential. 

It had long since been known that it was impossible to mod ■ 
ulate from one tonality into any other and have a true diatonic 
scale in the new tonality without adding at least one “black 
note,” and, in addition, altering somewhat at least one other 
tone. Such additions and alterations were easy enough with 
instruments such as the violin, where the pitch is adjustable, 
but presented a serious problem on the keyboard instruments. 
The five “whole steps” had been subdivided on the organ not 
later than the fifteenth century, giving (from C major) the five 
black keys. This divided the octave into twelve parts, the so- 
called chromatic scale. However, if the original C-major scale 
were in just intonation, this division would not help much, 
since, when modulating three or four signatures distant, the 
tones in the new tonality would be so badly out of tune as to 
make music impossible without retuning (or “adjusting” in 
the case of the violin). The reason for this is the fact that 
there are two kinds of whole tones in the true diatonic scale, and 
further, the half tones obtained by dividing either of these whole 
tones are different from each other, and different from the 
semitones between the third and fourth and the seventh and 
eighth degrees of the original diatonic scale. If we attempt to 
build a scale on the second degree, for example, we get the 
wrong kind of whole tone to start with (ratio 9:10 instead of 
8:9), and other errors as well. Similar errors occur in any 
signature to which we try to modulate. Such pitches as F# 
and Gb, for example, are not theoretically identical. But they 
are so nearly alike that by compromising a bit and putting up 
with a slight degree of out-of-tuneness we may sound either 
of them with the same piano key. If we had to have different 
kevs for these two slightly different pitches and for all the 
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other similar dififercnccs in the scale scries, the piano would have 
to have many more keys than it now has, which would make 
it quite impracticable to play, Ellis has fixed seventy-two notes 
in an octave as the number essential to a theoretically complete 
command over all the tonalities used in modern music. Red- 
field believes thirty-five tones to the octave would enable us 
to play satisfactorily in all key signatures. But even this num¬ 
ber would be vastly more difficult to play, and keep tuned (even 
during the temperature changes of a single performance), than 
the present twelve. 

In this conflict between the ideal and the practical, the prac¬ 
tical triumphed, and so compromises were worked out. Various 
methods of tuning were proposed. In some, a certain number of 
more commonly used scales were tuned nearly correct, and the 
rest were left to take care of themselves. Thus music was 
playable in keys up through perhaps three flats and three sharps. 
When only twelve tones were available in an octave, the inac¬ 
curacies of wolves” were so bad in the remaining keys that 
they were not usable. One of these compromise tunings which 
had a widespread vogue was the meantone tuning. It was in 
conflict with another one, called equal temperament, until the 
middle of the 19th century in England- It was this latter, equal 

temperament, which finally won out, and which has remained 
to this dav. 


Equal Temperament 

In equal temperament, the twelve semitones of the octave 
are aU made equal (at least theoretically), and called equals 
tempered semitones^ When this is done, the frequency of each 
semitone is approximately 1.06 (more accxirately 1.059463+) 
times the frequency of the one immediately below it. These 
tempered semitones are thus flatter than the just diatonic semi¬ 
tone (15:16, or 1:1.067—). (See Figure 41^.) However, two 
^ these tempered semitone together give a whole step which 
IS intermediate in value between the true maior wholf^ 
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and minor whole tone (9:10), though nearer to the former, 
making the second degree of the scale only very slightly flat. 
Furthermore, five and seven of these tempered semitones give, 
respectively, intervals quite close to the true perfect fourth and 
true perfect fifth. The tempered fourth is very slightly sharp, 
and the tempered fifth very slightly flat, but both so little as 
to be unobjectionable. For example, the fifth is flat only to the 
extent of about a fiftieth of a semitone. 

It is in the major third, the major sixth, and the major 
seventh that tempered intonation is most inaccurate, these in¬ 
tervals all being perceptibly sharp as compared with just in¬ 
tonation. Major thirds and major sixths, for example, are sharp 
to the extent of about one seventh and one sixth of a semitone, 
respectively. These same errors are naturally reflected in the 
minor sixths and the minor thirds, which are, respectively, the 
octave inversions of major thirds and major sixths. Such dif¬ 
ferences are easily perceptible to an ear trained in just intona¬ 
tion, and when tempered chords are produced by sustained 
tones, their intervals are rougher than those of just intonation. 
However, as Parry ® says concerning the intervals of primitive 
(and therefore melodic) scales: 

An agreement in such intervals as thirds and sixths is not to be 
expected. They are known to be difficult intervals to learn, and diffi¬ 
cult to place exacdy in theoretic schemes; and the result is that they 
are infinitely variable in different scales. Some systems have major 
thirds, and some minor; and some have thirds that are between the 
two. Sixths are proportionately variable, and are often curiously 
dependent upon the fifth for any status at all; and of such intervals 
as the second and seventh, and more extreme ones, it must be con¬ 
fessed that they are so obviously artificial, that even in everyday prac¬ 
tice in countries habituated to one scale they are inclined to vary in 
accordance with individual taste, and the lack of it. 

In this connection, it is interesting to note that although the 
third, the sixth, and the seventh are considerably sharp in equal 


® Op. cit., page 21 . 
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temperament, they are all still sharper in Pythagorean intona¬ 
tion. These differences are illustrated in Figure 41. Further 
more, although in equal temperament these three intervals all 
lie bet\veen their values in just intonation and in Pythagorean 
intonation, yet temperament places them all closer to their values 
in Pythagorean than to their just intonation values. 

The germ of the theory of equal temperament can apparently be 
traced back into ancient Greece, and even into ancient Chinese civil¬ 
ization* According to Barbour, this theory was probably used for 
fretted instruments before 1500, and was put upon a correct theo¬ 
retical basis during the second half of the sixteenth century,, being 
extended to keyboard instruments in theory, and to some extent in 
practice, early in the seventeenth century. The system had been pro¬ 
posed by Bartolo Rames in 1482. Zarlino sets forth the system in 
detail in 1588. Among others, Mersenne, in his Harmonie Universelle, 
1636, gives the correct numbers for its ratios. Its advantages were 
made more evident by Bach’s Well-tempered Clavichord, written in 
1722. The new tuning was long a controversial subject, however, and 

it was not until the middle of the nineteenth century that its reign 
could be said to be complete. 

Although musicians often repeat glibly that the tempered scale is 
imperfect, few understand the necessary cause of that imperfection, 
even with such works available as those of Helmholtz, Ellis, and 
many others. The cause lies in the mathematical relations of the 
ratios involved. In the keyboard as we know it, if one starts with 
any tone, say a C, and continues to step off any interval whatsoever, 
ne will eventually arrive again on another C, perhaps only one octave, 
perhaps many octaves above the original C. In the case of the major 
third, only one octave is needed: C to E, E to G# (A^), and A^ to 
the next C. The minor and major second, the minor and major 
third, and the augmented fourth, are all enharmonically divisible in 
this way into one octave. The minor sixth requires two octaves, the 
major sixth three octaves, the perfect fourth and the minor seventh 
five octaves, the perfect fifth seven, and the major seventh eleven 
octaves before such a return to the starting tone takes place. This is 
because of the indivisibility of the number of semitones in certain 
intervals into the number of semitones in the octave interval, and is 
determined by finding tlie least common multiple of those numbers. 
The process of stepping off the same interval obviously involves mul- 
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tiplying the starting frequency by the interval ratio an increasing 
number of times. Thus, for a true major third. 


261.6 


^.(261.6 X 5/4) . 327 

(-A-b).(261.6 X 5/4 X 5/4) . 409 

C above.(261.6X5/4X5/4X5/4) . 511 


Since all octaves should double the frequency, which would demand 
here an upper C of 523*2> the discrepancy between three true major 
thirds, which bring us only to 511, and a true octave, which demands 
5 ^ 3 -^ obvious. Three true thirds just simply do not go evenly into 
an octave. W^hat we call major thirds on the keyboard are obviously 
too sharp. The reason hes in the nature of numbers themselves, and 
it can be shoivn that this same thing is true of every other interval. 
To state it mathematically, the expansion of the octave ratio is incom¬ 
mensurable with the expansions of the ratios of all other intervals. 
This means that we can never hope to arrive at a true octave of a 
tone by stepping off any true interval except the octave interval itself. 
In other words, a twelve-tone division of the octave is necessarily 
imperfect because of the nature of the number series itself. 


Equal Temperament Contrasted with Just Intonation and 
Pythagorean Intonation 

This method of dividing the octave into twelve equal semi¬ 
tones distributes the errors among the various tonalities, so that 
no interval in any key sounds too- much out of tune, while at 
the same time preserving for us the possibility of free modula¬ 
tion on which the whole development of modern harmony has 
been built. In this connection, the following passage from 
Parry ® is worth quoting: 

An ideally tuned scale is as much of a dream as the philosopher’s 
stone, and no one who clearly understands the meaning of art wants 
it. The scale as we now have it (equal temperament) is as perfect 
as our system requires. It is completely organised for an infinite 
variety of contrast, both in the matter of direct expression—by dis¬ 
cord and concord—and for the purposes of formal design. The in¬ 
stincts of human creatures for ^ousands of years have, as it were. 


• Op. «/., page 60. 








HARMONY AND SCALES 


185 


sifted it and tested it till they have got a thing which is most subtly 
adapted to the purposes of artistic expression. It has afforded liach, 
Beethoven, Schubert, Wagner, and Brahms ample op^iortunitics to 
produce works which in their respective lines are as wonderful as it 
is conceivable for any artistic works to be. A scale system may fairly 
be tested by what can be done with it. It will probably be a good 
many centuries before any new system is justified by such a mass of 
great artistic works as the one which the instincts and efforts of our 
ancestors have gradually evolved for our advantage. 


Equal temperament enables us to play equally well, or per¬ 
haps we should say equally badly, in all keys. Because of the 
universality of the influence of keyboard instruments on all mu¬ 


sical art for many centuries, the system has been imposed to 
an almost exclusive degree on all forms of music, so much so 


that the distinction between the greater and the lesser whole 


tone (major and minor whole tone) has again been lost (if in 
truth it ever was appreciated except in a philosophic way). The 
universal influence of temperament is further illustrated in the 
fact that musicians with fine ears will frequently declare certain 
just intervals to be out of tune. It is said that chamber music 
ensembles and a cappella choirs, who practice habitually with¬ 
out the hindrance of a piano or organ, are able to break this 
universal bondage of the tempered scale, and are occasionally 
heard to perform in just intonation, particularly on closing, 
static, chords. The resulting blending and absence of roughness 
IS very striking, though sometimes insipid, to an ear accustomed 
to the imperfections of tempered harmony. As a matter of fact, 
however, there is considerable doubt as to whether the "a cap¬ 
pella tradition” which such groups seek to recover was in just 
intonation, since much of this early music was probably not un¬ 
accompanied. Arnold Schering contends strongly that it was 
accompanied, supported by viols and lutes in equal temperament 
or y org^s m a variety of meantone tuning which Barbour 
feels would have given little opportunity for the singers to prac¬ 
tice ,ust mtonauon Furthermore, certain modern « cappella 
groups are habitually and purposely trained to sing certain in- 
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tervals more or less altered, and often neither in just intonation 
nor in equal temperament, for aesthetic reasons or for the pur¬ 
pose of maintaining their pitch without flatting. Particularly 
are the major thirds on tonic and dominant made sharper. This 
may be done without artistic harm, because the interval of the 
third (and also its inversion, the sixth), is infinitely variable. 
Primitive scales, and even modern scales, indicate this interval 
to be by no means fundamental. Furthermore, as Barbour has 
pointed out, just intonation does not have the paramount im¬ 
portance that it would have if music were a static rather than 
above everything a dynamic art. In the former case, the purity 
of the single chord would be a prime desideratum. During the 
movement of the music, however, the intervals frequently (and 
in the case of string performers, usually, according to Greene) 
incline to those of Pythagorean intonation. If a viola and violin 
are timed by perfect fifths to the same A, the low C-string of 
the viola will make with the E of the violin an interval of two 
octaves and a Pythagorean third. String technique and tradi¬ 
tion generally seek the sound of these high thirds, except in 
held chords, and sometimes even then. Similarly, many choral 
directors feel that the most effective safeguard against flatting 
is to raise the third and seventh degrees (except sometimes in 
relatively final—static—chords), attempting to make them not 
only sharper than true, but even sharper than the already too 
sharp tempered thirds and sevenths, approaching the Pytha¬ 
gorean intonation used by string players. As has been men¬ 
tioned, the third, sixth, and seventh degrees of tempered in¬ 
tonation lie closer to their positions in the old Pythagorean 
intonation than to those of just intonation, and Pythagorean 
intonation has shown a remarkable and recurring vitality 
through the centuries, both in the theory of tuning schemes and 
in the actual musical practices of the day, according to Barbour. 

But, even if we grant that the ears of performer and listener 
are “unspoiled” by either Pythagorean or tempered intonation, 
and are quite capable of hearing the relatively small deviations 
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of their intervals from those of the harmonic series and the “true 
scale” derived therefrom, the musical performer and the musical 
listener will usually be intent on the broader musical outlines, 
and will therefore tend to correct what they hear (often an un¬ 
conscious process), into what they desire to hear. This process 
plays a tremendous role in the reactions of many persons. Be¬ 
cause of the constant movement of the music, the interested 
listener allows slightly incorrect intonations to pass unnoticed, 
as an interested reader fails to detect typographic errors. Fur- 
thermore, the human ear is an organ which, though accurate and 
sensitive beyond imagination, is still “human” in the sense of 
being subject to infinitely complex physiological and psychologi¬ 
cal factors instead of relatively predictable physical factors. For 
example, the fatiguing effect of one tone will distort the ap¬ 
parent pitch of a succeeding one, sometimes to extents consid¬ 
erably greater than the relatively small inaccuracies of equal 
temperament. And as we have seen on page 21, the perceived 
pitch may vary with the loudness of the tone. And as accurate 
as the ear is, it is yet “adjustable,” and is considerably lenient 
toward whatever dissonance it has heard often enough to become 
familiar with. The vitality and longevity of certain non-har¬ 
monic primitive scales iUustrate this. And if we have learned 
to tolerate and even enjoy the extreme dissonances which char¬ 
acterize the modern idioms, perhaps we are more able to tolerate 
the slightly imperfect intervals of equal temperament. 

In addition to all of this, aesthetic and psychologic con¬ 
siderations often cause performers to vary intervals to greater 
de^ees than the inaccuracies of either tempered intonation or 
Pythagorean intonation. Thus violinists, even though they may 
mvo e the true scale,” actually often markedly increase major 
and augmented intervals and diminish minor and diminished 
intervals. They take decorating tones, appoggiaturas and em- 
ellishments very close to the essential tones. They make the 
eadmg tone even more sensitive by taking it higher than its 
true pitch, m order to anticipate more effectively, as it were 
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the resolution. And the effectiveness of the true seventh (sev¬ 
enth harmonic, lower than the tempered flatted seventh degree) 
as a leading tone to the third of the subdominant key, is doubt¬ 
less due at least as much to the aesthetic satisfaction of hear¬ 
ing this active tone very near to its resolution as it is due to 
the result of its position in the harmonic series. As Professor 
Clapp of the University of Iowa has said in Stewart’s Introduc¬ 
tory Acoustics: 

While these alterations are thus away from, not toward, the natural 
scale (just intonation), they are aesthetically eminently justified, since 
in our contemporary music the contrast between major and minor, and 
the “tendency” of certain tones to progress to certain others ... are 
of relatively great psychological importance. To distinguish this prac¬ 
tice of emphasizing “tendency” from a true attempt to approximate 
the scale of nature, I suggest that performers should speak of an 
“artistic” or “harmonic” scale, rather than make an inaccurate use of 
the terms “pure” scale and “natural” scale. 

If small variations from a mathematically exact tempo give life 
and zest to a performance, it is not hard to tmderstand that 
slight variations from theoretically correct pitches add interest 
also, especially when there is melodic or aesthetic justification 
for them. As Barton has said, “We must remember that the 
right of science to dictate ceases where aesthetics begins.” It 
is possible for an interval to be aesthetically dissonant, while 
mathematically consonant, and vice versa. And even in the 
pr elimin ary tuning of an orchestra to the oboe A, the violinists, 
and even other players, frequently tune a bit sharp. If this is 
for the sake of gaining brilliance, it is aesthetically justified. It 
is questionable whether an orchestra is ever really tuned, in the 
physical sense of the word, even just before it starts the opening 

chord of the performance. 

We see, therefore, that the perfection of “true” or just in¬ 
tonation in any scheme permitting modulation is a practically 
unattainable ideal. Instead, we see that the vast structure of 
classic, romantic, modern, and ultramodern music has been made 
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possible by the adoption of equal temperament with its ratios 
standing somewhat closer to those of Pythagorean than to those 
of just intonation. We see performers altering intervals for vari¬ 
ous reasons on those instruments where variance is possible, and 
we see that the variations tend often closer to Pythagorean in¬ 
tonation than to just or even to tempered intonation. We 
conclude therefore that just intonation is not only well-nigh im¬ 
possible of attainment, but in view of certain aesthetic factors 
often imdesirable as well. Thus Pierce found that just intervals 
were reacted to as insipid, and the listeners preferred the more 
incisive thirds of equal temperament. All of these facts, plus 
that of the continual voluntary and involuntary variations of 
pitch, particularly those produced in the vibratos of all good 
voices, string players, and many players of other instruments, 
which carry the pitch over bands five- and tenfold as wide as 
the differences between just and tempered intonation, are not 
realized by the zealous purists of just intonation.^® The almost 
hypnotic charm that the just ratios have had over many scien¬ 
tists and some musicians in the last half century stems largely 
from the researches of Helmholtz, and his development of the 
theory that dissonance is caused by the beating of partials. On 
percussive instruments such as the piano, where the intensity, 
especially the intensity of the overtones, drops rapidly after tone 
production, and where as a result of the percussiveness the tones 
usually succeed each other rapidly, the beats are so transient as 
to be unobjectionable. In the case of instruments such as the 
voice and the violin, where a variation of the pitch, intensity, 
and overtone relationship by the vibrato is almost invariably 
present, the beating is so complex, so “regularly irregular” as 
to be unobjectionable or even pleasant. And, as has been noted 
on page 24, even in the case of tones which can be steadily 
sustamed, the presence of a number of sources not precisely in 


10 Choral conductors who seek to eliminate the normal vibrato for the f 
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tune with each other, producing a *'pitch fringe,’* may give rise 

to a complex, multitudinous beating which has a charm of its 
own. 

From all. of this evidence, and judging not from theory but 
from practice, which always antedates theory, the greatest effec¬ 
tiveness of the just ratios lies in their use in final, held, chords, 
in those instruments where the tone can be fairly evenly sus¬ 
tained. With an octave of only twelve semitones just intonation 
is impossible to maintain over the simplest modulation. And 
while tempering the scale was once called “vulgar tempera¬ 
ment” and has been called by Professor Horace Lamb “tam¬ 
pering with the scale,” it has nevertheless been the means of 
advancing the art of music to an incalculable extent. 

This is an appropriate place to mention the oft-renewed contro¬ 
versy as to the relative pitch of corresponding sharp and flat notes. 
For example, is F# higher or lower than G^? If we were to adopt 
equal temperament without reservations, as on keyboard instruments 
containing only twelve tones to the octave, the question would become 
meaningless, since FJ and are identical in both theory and prac¬ 
tice. The fact that there ever is a controversy over the question re¬ 
flects the fact that in the minds of most musicians, as well as in the 
technique of the instruments in which small pitch variations are pos¬ 
sible, some other tuning system still disputes the field with equal 
temperament. And, as Pole points out, the position of tones de¬ 
pends on what tuning system has been used in deriving them. Let 
us start, for example, with eight tones forming a major scale in just 
intonation, and derive seven sharped tones by taking true major 
thirds up from these original tones or from already-derived sharps. 
Similarly, let us derive seven flatted tones by taking true major thirds 
down from the original tones or from already-derived flats. We then 
find that the flats are alu/ays higher than the corresponding sharps 
(that is, G\) is higher than F#, E\) higher than D#, and so on). 
This is shown in the first column of the table below, which gives 
the ratios to the base i of all of these tones. The only transposition 
in the alphabetic order is where B# and EJ come, as would be 
expected, above and F^, respectively. Every other sharped tone is 
below its enharmonic flatted neighbor. 

Pole, WUliam, The Philosophy of Music, Chapter XII. New York: Harcourt, 
Brace & Company, Inc., 1924. 
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But this is in direct opposition to all the tradition and technique 
of string instruments, which as we have seen tends toward the other 
tuning system, Pythagorean intonation. Many other instruments also, 
including the human voice, when actually used in the making of 
music tend often toward Pythagorean intonation. And in Pythago¬ 
rean theory, in which the sharps and flats are calculated by taking 
successive true fifths or true fourths up or down from C, using always 
as the frequency of the keynote the one last computed for that note, 
it will be found, as Redfield points out, that no sharp note is ever 
as flat as its corresponding flat note (that is, F# is always higher than 

s^lways higher than E|j, and so on). This is shown in the 
second column below, where the alphabetic order is entirely changed, 
and where B# and EJ are even above and Ffci, respectively: 


B# - 

- I '953 

Cb ■ 

— 1-920 

B - 

— 1.875 

Bb - 

— 1.800 

A# - 

- 1.758 

A - 

— 1.667 

Ab - 

— 1.600 

G# - 

- 1-563 

G - 

— 1.500 

Gb - 

“ 1.440 

Fit - 

- 1.406 

F — 

- 1-333 

E# - 

- 1.302 

Fb - 

- 1.280 

E - 

- 1.250 

Eb - 

- ICZOO 

m- 

- 1.172 

D - 

- 1.125 

Db - 

- 1.067 

C# - 

' 1.042 

c - 

- 1.000 

B# - 

■ -977 


Pythagorean 

B# — 2.027 

— 2.000 

— 1.898 

— 1.873 

— 1.802 

— 1.778 

— 1.688 

—1.602 
—1.580 
—1.500 
—1.424 
—1.405 

— 1 - 35 ^ 

— 1-333 

— 1.266 

— 1.249 

— r.2oi 

— 1.185 

— 1.125 

C# — 1.068 
Db — 1-053 
B# — 1.014 

c — 1.000 


Derived from 
Just Intonation 

C — 2.000 


B 

Cb 

A# 

Bb 

A 

G# 

Ab 

G 

F# 

Gb 

E# 

F 

E 

Fb 

D# 

Eb 

D 


controversy is yet another indication of the 

f either musical theory or practice. Neither, for that matter does 
qual temperament or Pythagorean intonation. Before we answer the 
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question dogmatically in one way or the other, we must agree on our 
instrument and our tuning theory, for there is more than one way 
to derive the sharps or flats, depending on the criteria set up, the 
intervals chosen, the method of calculation, and so on. The ultimate 
justification of any method in a specific case lies in how closely it 
recognizes the actual significance of the harmonic and melodic con¬ 
text in which the tone is used. And even this significance is not 
constant, as we have seen, but subject to variable aesthetic factors (as 
in the case of the very high leading tone), and to a hearer’s habits 
of listening. 

Tuning Procedure in Equal Temperament 

Pianos and organs are tuned in tempered intonation by tun¬ 
ing the tones of one of the middle octaves first. This is called 
“laying the temperament,” and can be fairly accurately done by 
tuning a series of intervals (such as ascending fifths and de¬ 
scending fourths, for example: C-G-D-A-E-B-FS-CJ- etc.), 
slightly sharp or flat, so that each interval beats at a certain 
rate, according to tables which have been calculated. The fifths 
are all slightly contracted and the fourths slighdy expanded. 
However, the fourths and fifths beat quite slowly in the mid¬ 
range of pitch, and, furthermore, their beats in the case of the 
piano soon become inaudible because of the imsustained tone 
of the piano as compared with the organ. Therefore, as the 
work proceeds, the fourths and fifths are checked by the thirds 
and sixths, which have faster beat rates and therefore furnish 
a rather accurate check. For example, when the preceding series 
reaches A by an ascending fifth, a descending fourth, and an¬ 
other ascending fifth, the major sixth, C to A, can be used 
as a check test on the accuracy of the work. It should beat at 
a certain rate which is known to the tuner. When the A is cor¬ 
rect, and the E is secured from it by a descending fourth, this E 
may be checked by the beat rate of the major third, C to E. 
Various tuning schemes are used by different tuners, but aU em¬ 
ploy these principles. And in the tuning by fourths and fi^ of 
a whole octave, all the major and minor thirds and sixths be- 
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come available as test intervals, in a way well illustrated by 

White. 

Thus the “tuning” of a tempered instrument is in reality a 
process of controlled mistuning. Since it is at least as diflScult 
to secure with exactitude a certain definite degree of mistuning 
as it is to tune an interval accurately true (free of beats), it is 
seldom that instruments are correctly tempered. As a matter 
of fact, few tuners, if any, attain approximate theoretical per¬ 
fection of tempering, which can only be achieved by adjusting 
the various beat rates to close limits, preferably with the aid of 
some tuning device other than the rough criteria of tuning 
“slighdy” sharp, or putting “about one wave” (estimated) in 
an interval. Accurate tuning requires both a good ear and a 
fine muscular control of the tuning hammer. On the other 
hand, as has been described, if we had sufficient tones in each 
octave to make just intonation possible in any key, although it 
would perhaps be easier to tune them (by intervals free of beats), 
the instrument would not long keep correctly these many slight 
pitch differences, and would be immeasurably harder to play. 

The laying of the temperament in the piano is done at first 
on only one of the three wires present for each unison, the 
remaining wires being damped by wedges or felt strips. After 
the temperament is set these unisons are trued up—freed of 
beats. Then the remaining tones of the instrument are secured 
by tuning octaves, also free of beats, up and down from the 
tempered tones m this middle octave. The fundamentality of 
the octave, being as it is the first interval in the harmonic 
senes, makes it necessary for all octaves in the mid-range to 
be qmte well in tune. The ear, through its capacity to make 
illusory corrections in what it hears, can learn to tolerate tem¬ 
pered thirds and sixths, but demands its octaves pure, at least 
in the mid-range. As has already been mentioned, however 
tuners sometimes “stretch” the octaves in the extreme upper 
and lower ranges, because of the lack of correspondence be¬ 
tween frequency and pitch in these regions. Thus the upper- 
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most tones of a piano are sharped, and the lowermost flatted, 
because of the limitations of the human ear. 

In the case of the organ, when one stop has been placed in 
tempered intonation, others may be tuned to it by tuning unisons 
or octaves free of beats. In the “mixture stops,” which for 
the sake of gaining brilliance soimd one or more members of 
the harmonic series in addition to the fundamental for each 
key depressed, the temperament is set as usual for the funda¬ 
mentals, but the pipes giving harmonic series intervals asso¬ 
ciated with each fundamental are tuned true (no beats with the 
fundamentals). And because of the variations of tempered 
from just intonation, which are marked in the case of the major 
third, these stops are more effective when they do not contain 
thirds, tenths, or seventeenths, because of their frequent clashing 
when the corresponding tempered tones are played, as will occur 
in many chords. 

There are two types of simple tests which the tuner uses, or 
which may be applied to ascertain whether or not a tuner has 
done a good job, aside from the obvious fact that on the piano 
the two or three strings of each imison shoxild give no beats 
with each other, and on any instrument, the octaves should not 
beat except perhaps at the upper and lower extremes, as already 

noted. 

The first type of test depends on the fact that the rate of 
beats in any perfect fifth (seven semitones) up from a given 
tone should be the same as the rate in the perfect fourth (five 
semitones) down from that tone, provided the outer tones make 
a true octave (no beats). Thus if any octave is played, and 
found true, and it be then divided into a fourth and a fifth so 
that the fifth is the higher interval, the beating rates in these 
two should be alike. This will not work if the fourth is the 
higher interval. A similar result is obtained if the test inter¬ 
vals are the minor third and the major sixth within an octave, 
as for example C to Eb, and Eb to C above. These tests depend 
on the beating of upper partials, and therefore should be of 
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particular value in the low bass regions of the piano, where the 
fundamental is quite weak. Only the second test would actually 
be of value here, however, because the beat rates of fifths and 
fourths are too slow in the bass region to be readily timed. 

The other type of test is based on the fact that, since an 
interval is defined as a raito of frequencies, and a beat rate is 
a difference of frequencies, the same mistuned interval will pro¬ 
duce different beat rates according to its position in the fre¬ 
quency range. The higher its position, the higher the beat rate. 
Thus, as discussed by Harker, if an octave is divided into three 
major thirds, and these are played in ascending order, they 
should produce a regularly increasing beat rate. Thus the three 

major thirds between A-220 and A-440 beat as follows when 
correctly tuned: 


. ^'73 per second 

Cff to E#. 11.00 " “ « 

F (E#) to A . 13.86 “ “ « 


Tpiese are too rapid to count accurately, but the general impres¬ 
sion of their mcreasing rapidity is sufficiently accurate for a 
rough check on the tuning. By the same principle, any interval 
whatsoever should increase its beat rate in a regular fashion as 

It is produced successively up the chromatic scale. Other check 
tests are described by White. 

Tie foUowing ubie, from Redfield, gives Ac frequendes 
a temp^ scale compared with those of a just scale, both 

Omes the frequency of the tempered semitone below it: ^ ^ 


A 

Jdst 

“"440 . 

Tempered 

Error 

, G# 

— 412-5. 


i _ 

F# 

E 

— 366.66.... 

— 330. 

• • • • • 

.369-99. 

.+3-33 

D 

— 293.33. 

• • . 

.—0-37 

c# 

— 275. 


.+0-33 

1 

B 

A 

— 247-5. 

- 220 . 
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Characteristics of Different Tonalities 

It is often maintained that the various tonalities have quite 
definite and specific characteristics, so that certain kinds of com¬ 
positions are more effective in certain keys, and so that a listener 
can recognize the key of a piece by its particular “color” or 
“mood.” If the instrument is correctly tempered there are no 
cues available through differences in intervals, as was the case 
with the modes. It is of course possible that the various keys 
are actually different because of inaccurate tempering, which 
would possibly bias some tonalities in the direction of just in¬ 
tonation, and make others more discordant. Thus the various 
keys would acquire a certain individuality, tending to resemble 
modes. This has been pointed out by Harker, who says, “The 
procedure for timing having become more or less standardized, 
some measure of consistency in these pseudo-modal variants of 
the scale is to be anticipated,” particularly since “musicians 
appear to agree that the modification in musical effect conse¬ 
quent upon transposition is much less marked on the organ or 
harmonium whidi, in virtue of their sustaining power, can be 
made to conform much more closely to equal temperament. 

If the instrument is fairly correctly tempered, however, some 
other explanation must be sought. Some have found such an 
explanation in the different leverages of the white and the black 
digitals on the piano, which of course have different distribu¬ 
tions in the various keys. It is thought to be difl&cult to produce 
identically the same effect as regards time of contact, force, dis¬ 
placement, and so on, when the levers are of different length. 
This explanation is at least partially discredited, however, by 
the fact that in modern pianos the leverages and the touch- 
weights are equalized for the black and white digitals. Per¬ 
haps a more likely explanation is the fact that black digitals 
are struck with straighter fingers than white ones, which may 
modify the tone intensity somewhat, or at least the performers 
reaction to the tone. Thus, for example, the digitals of all but 
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one of the sharp-key tonics (counting through six sharps) are 
white keys, which would usually be struck with more curved 
fingers, while those of all but one of the flat-key tonics are black 
keys, which being shorter would be struck with straighter fin¬ 
gers. The more curved the finger is, the shorter is its lever 
distance from the joint, and the greater the force that can be 
transmitted to the hammer mechanism, which gives a possible 
explanation for the common reputation of sharp keys as more 
brilliant, flat keys as softer, mellower, and more harmonious.^^ 
This explanation gains plausibility if it is true, as one author has 
said, that these differences are lessened or destroyed when the 
music is performed on an instrument not depending on strength 
of key stroke, such as the organ, where the only cue is in suffi¬ 
cient memory of absolute pitch to recall to mind the tonality and 
its previously associated “color.” Another writer, however, has 
said that piano pieces retain their emotional qualities when 
played on a player piano, on which the mechanical difference 
between playing white and black digitals disappears. Here 

too, though, the previously associated characteristics can be in¬ 
fluencing our reaction. 

We see from this, however, the intimate connection which 
Ae physiology of the technique has on the reaction to certain 
mstruments. Thus, even the degree of facility with which cer- 
tam keys may be played, on the piano, violin, or other instru¬ 
ments, may color their effect on the player, and even their effect 
on the hearer. 


In the case of the violin, certain keys acquire distinguishing 
characteristics through the number of open strings used, since 
open string have a different quality from stopped ones, and 
cannot easdy be given a vibrato. For example, the keys of G 

major or D major on a violin frequently use open strings, as 
compared with the keys of Gb, Ab, Db, or Eb ^ 


^®Iii this connection it is interesting to note that if 

to the same pitch, musicians who play them successivel7 ^ 

toned one to he flatter than the other. sometimes deci 


absolutely 
the softer* 
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Somewhat similar arguments might apply to wind instru¬ 
ments. 

Of course, musical associations play an enormous part in all 
of this. It is questionable whether the whole explanation of 
the characteristics of the various tonalities, or at least the most 
important explanation, does not lie in the psychological held. 
Since the symbol # means to raise something, and b to lower 
something, these symbols, especially when several occur together 
in a signature, cannot help but have respectively a brightening, 
elevating effect, or a darkening, lowering, or even depressing 
effect on the emotional tone of the person who sees them. It 
may be below the level of consciousness, but it is nevertheless 
real. And many times (but by no means always), the composer 
will select his key accordingly. Some enthusiasts even insist, 
and probably correctly, that a piece played in F# major is quite 
differently heard and felt than when played on the same in¬ 
strument in Gb major, using of course the same digitals. Such 
differences are primarily mental. The performer, thmking the 
piece in one key or the other, is affected, frequendy uncon¬ 
sciously, by previously experienced pieces in that same key, and 
this mental set predisposes his reaction to the new piece, or 
even modifies his performance of it, as well as the character of 
his bodily movements while playing. A listener, perhaps aware 
of the signature of the piece, or perhaps only imagining it to 
be in one signature or another, could be affected by his own re¬ 
sulting mental set even if the performance were unaffected by 

the mental set of the player. 

Still another explanation of key characteristics may be fotind 
in a recognition by the listener, frequently quite faulty and un¬ 
conscious, of the absolute pitch of the various tonalities, together 
with the association of previously experienced pieces in these 
tonalities. And if a piece has been experienced often enough 
to “set” it at a certain absolute pitch level, it will obviously 
be brightened if raised a bit, and probably changed markedly 

in character if raised still more. 


Hearing 



When we feel someone’s pulse we feel a succession of pul¬ 
sations in his wrist which are produced by variations in the 
pressure of the blood as it responds to the periodic pumping 
beats of the heart. This furnishes a sort of “slow-motion pic¬ 
ture of the kind of periodic atmospheric pressure variations to 
which our ear responds when in contact with musically agitated 
air, except that in the latter case the pulsations are carried 
through the air, are incredibly faster and more complex, and 
yet at the same time incredibly feeble in actual power. Of the 
five primary senses with which man is endowed, four of them: 
tustc, smell, pisioft/ and touch, are common to all vertebrate 
animals, and even detectable in much humbler forms of life; 

but hearing, according to Beatty,* is a comparative newcomer 
among the senses. “It occurs but rarelv 


occurs out rarely among 

nous tribes of the insect world, and exists only in 

mentary form among fishes.” 

% 

Mechamsm of Hearing 


The mechanism of hearing consists of three parts: the outer, 
ate middle, and the inner ear. The outer ear includes the ex¬ 
ternal parts and the ear canal, which extends about an inch and 
a quarter into the head, terminating at the eardrum, or tympanic 

membra ne, a thin membrane about a three-himdredth of an 

* 
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inch thick. The middle ear contains a chain of three small 
bones, called the hammer, anvil, and stirrup, and collectively 
called the ossicles. When sound waves strike the drum, setting 
it into sympathetic resonant vibration, these three bones pass 
the vibrations from the drum to the oval window into the inner 
ear, at the same t im e forming a lever system which while de¬ 
creasing the size of the movement increases the pressure varia¬ 
tions from thirty to sixty times. The inner ear, called the 
cochlea from its resemblance to a small snail shell, is a spiral 
cavity about a quarter of an inch in diameter, located in one of 
the hardest regions of the skull bone. It is filled with a liquid, 
and contains the hasilar membrane, tectorial membrane, organ 
of Corti, and other extremely small and delicate membranes 
and fibers, the action of which is not fully understood, but the 
result of which is the stimulation of a great number of tiny 
hair cells. These are stimulated by about 24,000 little fibers, 
sensitive to various parts of the pitch range. Thus, hearing may 
be considered a highly specialized form of the sense of touch. 
In this connection it is interesting to note that sounds may be 
discriminated in a rough way through a development of die 
sense of touch in the finger tips. Professor Gault’s work with 
the teletactor for the deaf is an illustration. Since hearing is 
a specialized form of the sense of touch, the ear may become 
fatigued in the same way that any neural end organ may be 
fatigued. Thus, airplane passengers may find themselves de^- 
ened for a time after completing their journey, unless the cabin 
has been well insulated, a problem which is claiming the atten¬ 
tion of the transport lines. 

This deafening, however, is quite different from permanent 
deafness. It is entirely different, also, from the fullness or ring¬ 
ing of the ear produced by differences in altitude. This latter, 
which can be noticed when riding in an elevator, or even when 
riding over hilly country in an automobile, is caused by a 
ference of air pressure on each side of the eardrum. Normally 
the pressure in the middle car balances the pressure on the 
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outside of the drum, but in a fairly rapid change of altitude 
there is not sufficient time for an adjustment. This adjustment 
usually occurs when one swallows or yawns, which opens the 
Eustachian tube (from the middle ear to the throat) and per¬ 
mits a neutralization of pressures. 

Fitch Limits and Sensitivity 

Since the sense of hearing is a psycho-physiological response, 

it is natural to suppose that it is only effective between certain 

definite limits. Thus, in the matter of pitch, our ears are only 

sensitive to vibrations lying within a certain range of frequency. 

This range is somewhat variable among individuals, and even 

for the same individual from time to time, but its average for 

normal persons with no hearing loss may be taken roughly as 

being from 20 to 20,000 vibrations per second. This is a range 

of about 10 octaves, roughly from about Eb below the lowest C 

on the piano to the third Eb above the highest C on the piano. 

The range of the piano, 714 octaves, is from A-271/^ to C-4186. 

This is about the extent of the useful range for fundamental 

pitches in music, although it is exceeded by some pipe organs. 

Of course, a fundamental at 4186 may have in its harmonic 

series three overtones lying within the audible range, since its 

third overtone (fourth partial) has a frequency of 16,744, which 

is still below 20,000. In most cases these very high overtones add 

little in the way of quality differentiation, lying as they do so 

near, and, for some persons, even beyond the upper limit of 

hearing. However, the overtones lying in the frequency range 

from 4,000 to at least 10,000 are of great importance in enabling 

us to recognize and to identify the quafity of certain instru¬ 
ments. 

Below the lower frequency limit of hearing, we feel the in¬ 
dividual vibrations. If a series of puffs or clicks be produced 
very slowly we even have time to note periods of silence be¬ 
tween them. But as they are repeated beyond some certain de¬ 
gree of rapidity, as Peirce observed, each hearer loses the in- 
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tervals of silence and the sound appears continuous. The 
frequency of repetition necessary for the production of a con¬ 
tinued sound from single impulses is around 20 per second, or 
in exceptional cases perhaps as low as 16 per second. (Pipe 
organs equipped with a “32-foot stop” can produce a tone of 
about 16 vibrations per second, corresponding to an octave below 
the lowest C on the piano.) In this connection it is interesting 
to note that somewhere around this same frequency separat# 
visual impressions coalesce to form a satisfactory continuous im¬ 
pression. Moving pictures create their illusion of continuous 
motion when about 16 frames are presented to the eye each sec 
ond, although because of the objectionable flickering, modern 
motion-picture projectors present 24 frames to the eye each 
second. 


In the case of the ear, however, we often do not feel that 
the individual puffs coalesce into a satisfactory tone until there 
are 40 or more per second. In the case of the lowest tones of 
the organ, as Bragg says, it is a question whether we hear 
them, or whether we only jeel the shaking of the pews. Per¬ 
haps, in fact, we are deceived by hearing the overtones when we 
think we are hearing a very low fundamental. 

With regard to the upper limit of audibility, we again find 
considerable variation. This limit tends to be higher in chil¬ 
dren, decreasing slowly with advancing age. It is sometimes 
sharply defined, the interval of a single tone being sufficient 
to produce the change from evident sound to silence. Old 
persons can often not hear the high squeak of a bat, nor the 
sounds of certain insects. Certain animals can hear higher 
sounds than human ears can. Possibly insects may communi¬ 
cate with each other by sounds entirely beyond our range of 


hearing. 

Subsonic or infrasonic vibrations of the air (those having fre¬ 
quencies below approximately 20 per second), and supersomes 
or ultrasonics (above approximately 20,000 per second), are not 
heard as sound by human ears. Thus, they have litde im- 


HEARING 


203 


portance for us in this text, although certain lower forms of life 

are greatly affected by them, even sometimes, in the case of 

supersonics, to the point of paralysis or death. Supersonics are 

used by ships at sea for echo sounding, submarine detection, 
and so on. 

The ear is very sensitive to small changes in the pitch of 
successive tones, except toward the upper and lower limits of 
hearing. With pure tones, a variation of one fortieth of a tone 
may often be detected in the mid-range by a musical ear.- As 
the tones become more complex, within limits, still finer dis- 
crin^ations are possible, as the presence of the overtones aids 
the judgment. If pure tones at 262 and 263 are being listened 
to, the ear has only this one region in which to judge. If over¬ 
tones are present, the ear’s judgment is fortified by many more 
pms of tones. The tenth partials, for example, give 2620 and 
2630, and in this region the ear’s pitch discrimination is much 
keener than in the range of Middle C. Not only is discrimi- 
tmtton fine m the mid-part of the range, but many musicians 
develop exceUent “absolute pitch” memory for tones in this mid¬ 
range. Toward the extremes of pitch, discrimination and mem- 
017 bec<me rapidly more difficult, even in distinguishing such 
wide cMerences as that between a major third and a major 
sixth Even the tramed ear of a piano tuner is often inaccurate 
m the uppermost and the lowest octaves of that instrument, 
are stdl well within the pitch limits of hearing, and tuners 

loudness lAtnits and Sensitivity 

In the case of loudness, we again find definite limits to the 
sense of hearmg. Our ears are sensitive only to vibrations Ivins 

^audible, whereas U.ose d.a, are .cc iLt j: ZZ ’ 

hr he beau ...He 
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or prickling sensation, or even pain, and thus are more jelt than 
heard. However, between these extremes, which are called re¬ 
spectively the threshold of audibility, and the threshold of feel¬ 
ing or pain, there is a tremendous range of variation. 

The loudest sound that a full orchestra can produce (which 
is still far below the pain threshold), appears, according to 
Sivian, Dunn, and White, to be at least ten million times more 
intense in physical energy than the softest violin tone used 
with an audience (by no means the softest tone one can hear). 
This is a range of response far beyond that of any comparable 
mechanical instrument, and over a considerable part of this in¬ 
tensity range, as Wegel has said, the ear differentiates with cer- 
tainty between complex sounds so nearly alike that no existing 
physical apparatus can separate them. But even so, the ear is 
by no means as sensitive to changes in intensity as it is to changes 
in frequency. 

The following table, given by Jeans,® listing the results of 
recent experiments at the Bell Laboratories, gives some idea 
of the differences in the energy given out in the sound of various 
instruments: 
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'Energy 

Origin of Sound (^Watts) 

Orchestra of seventy-five performers, at loudest.70 

Bass drum at loudest.25 

Pipe organ at loudest. 13 

Trombone at loudest . 6 

Piano at loudest . o^. 

Trumpet at loudest . 0.3 

Orchestra of seventy-five performers, at average. 0.09 

Piccolo at loudest . 0.08 

Clarinet at loudest. 0.05 

Bass singing ff . 0.03 

Human voice Alto singing pp . 0.001 

Average speaking voice . 0.000024 

Violin at softest used in a concert . 0.0000038 


3 Jeans, Sir James, Science and Mttnc, page 229 . Kew York: The Macmillan Com 
pany, 1937- 
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It is interesting to note in passing how very small is the 
energy of even a loud sound. According to Jeans; ■* 

A fair-sized pipe organ may need a 10,000 watt motor to blow 
it; of this energy only 13 watts reappears as sound, while the other 
9987 watts is wasted in friction and heat. A strong man soon 
tires of playing a piano at its loudest, his energy output being 
perhaps 200 watts; of this only 0.4 watts goes into sound. A thou¬ 
sand basses singing fortissimo only give out enough energy to 
keep one 30 watt lamp alight; if they turned dynamos with equal 
vigour, 6000 such lamps could be kept alight. 


The physical terms intensity or energy must again not be 
confused with the psychological experience of loudness. As we 
have already seen, with regard to the sense of pitch, a musical 
pitch interval of, say, a semitone, is determined not by the dif¬ 
ference between its frequencies but by their ratio. Thus the 
semitone between 150 and 160 sounds to be of the same size as 
that between 300 and 320? since, although the frequency dif¬ 
ference has been doubled, the ratio in each case is 15:16. All 
the sense organs seem to follow within lim its this psychological 
rule, called the Weber-Fechner law, which states that equal in¬ 
crements of sensation are associated with equal ratios, or equal 
increments of the logarithm of the stimulus. In the case of 
loudness, the sensation of loudness-difference depends not on 
Ae difference in intensities involved, but on their ratio. The 
important thing, for example, is not the total amount of sound 
energy crossing the foodights but the ratio of this energy to the 

energy of the audience noise and other noise over which it must 
be heard. 

Thus our ears respond approximately logarithmically to the 
physi^ energy m a sound wave, so that, fortunately, it is im¬ 
possible for us to hear any sound as ten million times louder 
than another. Because of this, a new unit of loudness, meas- 


logarithmic 

id has ten times 
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the logarithm of the mtensity ratio is i, and the first sound is 
said to be I bel above the second. The name is coined from 
the name of Alexander Graham Bell, the inventor of the tele¬ 
phone. If the intensity of the first is loo times that of the 
second, it is said to be 2 bels above the second, since the loga¬ 
rithm of the intensity ratio is 2. A handier unit is usually used, 
called the decibel (one tenth of a bel), abbreviated db. The 
sound of Ae first tone would then be 10 db above the second 
when the intensity ratio is 10, 20 db when the ratio is 100, 30 db 
when it is 1000, and so on. The number of db is found by 
taking 10 times the common logarithm of the ratio of the in¬ 
tensities involved. It so happens that the decibel is approxi¬ 
mately equal to the smallest change in loudness that is percep- 
tible to the average listener. 

Since the decibel deals with ratios, small differences in db 
naturally correspond to great differences in the energies involved, 
as shown in the following table: 


Intensity 
level in^db 

o (threshold) 

10 . 

20 . 

30 . 

40 . 

50 . 

60 . 

70 . 

80 . 

90 . 

100 . 


Intensity ratios above 
threshold of audibility 


. 10 

. 100 

. 1,000 

. 10,000 

... 100,000 

. . 1,000,000 
. . 10,000,000 
. 100,000,000 
1,000,000,000 
10,000,000,000 


Thus we see that a sound at lOO db intensity (such as would 
be heard from an average speaker when the ear is placed at half 
an inch from his mouth), has ten billion times the energy that 
would be needed for sound perception at the threshold of audi¬ 
bility, 

A quiet city garden may be as quiet as 20 db above the 
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threshold of audibility; an average office may be 45 to 50 db 
above this threshold. Ordinary conversation at three feet is at 
65 db, while a noisy restaurant may reach 70 db, and very loud 
radio music in the home 80. The roar of a lion eighteen feet 
distant has been measured at 87 db. A subway may reach 95, 
and a boiler factory 95 to 100. These various sounds, it is true, 
are not strictly comparable in loudness unless they are of the 
same pitch, because loudness varies with pitch. Also, a faint 
sound may be heard through a louder one in the same pitch 
region if the difference in intensities is not more than 12 db; 
and if the pitches are different, the difference in intensities may 
be still greater before the fainter one is completely masked. 
However, it is easy to understand why ordinary conversation 
at three feet, with a level at 65 db, is impossible in a subway or 
a boiler factory, and is difficult, to say the least, when it must 
compete with loud radio music. A very loud auto horn at 
twenty feet may be as high as 100 db. An airplane motor at 
1600 revolutions per minute, heard at a distance of eighteen feet 
from the propeller, or the noise of hammer blows on a steel 
plate, heard at a distance of two feet, rise to around 115 db, 
getting close to the upper limit, the threshold of pain. Natu¬ 
rally, for a sound to be heard, it should rise more or less above 
the noise level at the listener’s position, unless it has some dis¬ 
tinctive character. The total range of loudness from the least 
audible sound in an absolutely quiet place to the most intense 
sound that can be experienced without injury to the hearing 
mechanism is about 120 db. The range from the softest violin 
tone used with an audience to the loudest sound from the full 
orchestra, representing an energy ratio of 10,000,000 to i, is a 
r^ge of 70 db—a range which might occur, say, from 25 db 
above the threshold to 95 above. It is thus evident that concert 
music as produced today does not utilize much more than half 
of ffie whole intensity range of which the ear is capable in the 
treble As far as our ears are concerned, concert music could 
usuaUy be made softer without dropping below the noise of the 
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hall, and could be considerably louder without reaching the 
threshold of feeling. This has in fact been tried, through electri¬ 
cal manipulation, with remarkable effects. Pitch and quality 
distortions are likely to occur at high intensities, however. 

Both the frequency and the intensity limits of hearing may be 
con\ eniently shown on one diagram, for which we are indebted 
to the researches of Wegel, Fletcher, Munson, Mills, and others 
in the Bell Telephone Laboratories. One of the latest forms 
of this diagram is that shown in Figure 42, taken from a com- 

LOUDNESS CONTOURS 



Fig. 42 —Equal loudness contours between the threshold of audibility and the 

threshold of feeling. 

(Courtesy Bell Telephone Laboratories, New York) 


mittee report on “American Tentative Standards for Noise Meas¬ 
urements,” in the Journal of ike Acoustical Society for October, 
1936, If some arbitrary low standard of intensity be chosen, and 
then if the intensities of sounds above this standard which are 
necessary to make them just audible be plotted at various fre¬ 
quencies, the curve marked “O” will be secured. This is the 
threshold of audibility curve. It is obvious that the sensitivity 
of the ear varies with the frequency. According to this diagram, 
it is at its most sensitive point somewhere between 3000 and 
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4000. For many of the purposes to which this diagram is put, 
the intensity level of a just-audible tone at a frequency of 1000 
is taken as the standard zero level, as has been done in Figure 
42. On this basis, a just-audible tone at 32 cycles will lie more 
than 60 db higher, and therefore will require more than a 
million times the energy of a just-audible tone at 1000. This 
is borne out by the fact that an organ pipe producing a vibra¬ 
tion of 32 cycles, which pipe is about 16 feet long and requires 
a heavy supply of air, still sounds no louder, if as loud, as a 
little pipe six inches long which can be blown by a child. 

These tremendous differences in sensitivity as the frequency 
IS varied are further illustrated by the following table, which 
Jeans ® has prepared from data secured by Fletcher and Munson: 



Tone 


CCCC (32-foot pipe of or¬ 
gan, close to lower limit 
of hearing) 

AAA (bottom note of 
piano) 

CCC (lowest C on piano) 
CC 
C 

c" (Middle C) 

c® 

c® 
c* 

(maximum sensitivity) 
c® (top of piano) 


Fre^ 

quency 


16 


Pressure varia 
tion at which 
note is first 
heard (in 
bars) 


6 


^^crgy required 
(in terms of 
minimum) 


100 


1,500,000,000,000 


27 

32 

64 

128 

256 


lose to upper limit 
hearing 


1,024 

2,048 

2>734 

4,096 

8,192 

16,384 


20,000 


I 

0.4 

0.025 

0.005 

0.001 

0.0004 

0.0002 

0.0001 

0.00008 
0.0001 
0.0005 
0.01 



150,000,000 

25,000,000 

100,000 

3,800 

150 

25 

6 

1 

l '/2 

38 

15,000 


38,000,000,000,000 


® Op. cit,, page 220. 


equal to one mcgadyne per square cend- 
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eferring again to Figure 42, if we imagine a tone to be kept 
at a constant mtensity level of 50 db while its frequency is raised 
trom 20 to 5000, we can see that its sensation level would be 
zero until it reached a frequency of 55, when it would become 
just audible. Its sensation level would continue to rise until 
at a frequency of 1000 it was 50 db above the threshold of audi¬ 
bility. At 5000 It would be still higher. The sensitivity of the 
ear is assuredly dependent on the frequency being listened for. 

A further complication enters here. It is found that raising 
two tones a certain sensation level above the threshold does not 
leave them equally loud. Loudness level must be determined 
by comparing a tone with a standard reference tone of known 
intensity, and varying the tone until it sounds equally loud to 
the reference tone. When this is done, a series of equal loud¬ 
ness curves may be drawn, as shown in Figure 42, known as 
contours of equal loudness level, such that every point on any 
one curve has a loudness level equal to the number marked on 
the curve. It is seen that at the particular frequency of looo, 
the loudness levels correspond with the intensity levels, but this 
is not true at other frequencies. For example, a tone at a fre¬ 
quency of 100 needs to be lifted only 40 db in sensation level 
above the threshold to reach a loudness level of 70, whereas at 

a frequency of 1000 it would have to be raised 70 db to reach a 
loudness level of 70. 

The shape of the loudness contours gives us the explanation 
for the effect of the overtone structure of a tone on its loudness. 
Suppose we have two complex tones, each with a frmdamental 
of 100 and with equal total intensities. Let the first have its 
energy divided equally between the fundamental and the second 
partial, 200, and let the second tone have its energy divided 
equally between its fundamental and its tenth partial, 1000. Be¬ 
cause of the shape of the loudness contours, the fundamentals 
and even the second partial will make only a small contribution 
to the total loudness, whereas the tenth partial will have a large 
effect, causing the second tone to sound considerably louder 
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than the first, even though no greater energy is involved. This 
is an extreme case, of course, but it illustrates the fact that the 
loudness of a tone can be increased or decreased by modifying the 
overtone structure even if the fundamental frequency and total 
intensity are unchanged. This is yet another illustration of the 
fact that loudness is a psychological, sensational, attribute of 
tones, not dependent in any simple way on the physical ampli¬ 
tude of the vibration. 

A study of the shape of the threshold of audibility curve will 
indicate that an auditorium should be treated with materials which 
arc somewhat more absorbent at high frequencies than at low; other¬ 
wise, as a reverberating sound dies away, the low frequencies drop 
sooner below the threshold of audibility, while the highs are still 
heard. All frequencies should drop evenly in loudness to the point of 
inaudibility. (See the article by MacNair, listed in the bibliography.) 
But of course, if too much absorption occurs at the high frequencies, 
a loss of brilliance will result, and also a distortion of tonal balance, 
since tone qualities with many overtones are modified to a greater 
extent than the purer qualities. Instruments whose quality depends 

on high overtones will of course suffer under such conditions. (See 
the footnote on page 227.) 

The topmost curve in Figure 42, marked “120,” may be taken 
as the threshold of feeling or pain. It is at times possible to 
hear above this, but seldom without discomfort. If the threshold 
of feeling and the threshold of audibility could be plotted for 
still lower and still higher frequencies than has been done in 
Fi^re 42 (something which it is diflScult to do with certainty). 
It IS probable that they would meet each other at points some¬ 
where in the neighborhood of 20 and 20,000 cycles, thereby 
enclosing an “auditory sensation area” within which must lie 
every sound which we can hear. These curves, however, are 
idealized average curves. Individual ears, even those which have 
no deafness at any point, may vary these thresholds quite appre- 
mbly above or below the indicated curves. The individual au- 
diog^ IS more likely to be zigzag instead of curvilinear 
The sensitivity of the car at the lower limit, the threshold 


212 

of audibility, is remarkable. In the most sensitive frequency 
range, with average listeners whose threshold has not been raised 
by partial deafness, if the atmospheric pressure be periodically 
changed by about one third of a billionth of its total value, such 
a change will be sensed by the ear as sound. A tone of this 
strength gives rise to a movement of the air particles back and 
forth by less than a billionth of an inch, and even in spite of 
there being a thousand or more vibrations a second the maxi¬ 
mum speed attained by the air particles at the midpoints of their 
swings is less than the rate of a quarter of an inch a day. (See 
the textbook by Colby ^ for an interesting presentation of rhis 
material.) For an average sound the pressure variations are 
about one millionth of normal atmospheric pressure. Tones 
produced by periodic variations of atmospheric pressure of as 
much as a thousandth are extremely loud, and those caused by 
a pressure variation as great as one per cent (one hundredth) 
are so intense as to injure the hearing mechanism. The actual 
power output in a normal voice is approximately one five- 
millionth of that taken by a 40-watt electric bulb. According 
to Beatty,® the smallest intensity perceptible to the ear has a 
power of the same magnitude as the power which is received as 
light through transparent air from a candle eight miles away. 
The recently adopted standard reference intensity for acoustic 
measurements is represented by that fraction of a watt per square 
centimeter which is indicated by the nvimeral i with sixteen 
ciphers after it, and this is only slighdy under the intensity 
which marks the threshold of audibility for the average ear in 
its most sensitive frequency range, and undoubtedly is actually 
audible to keen ears. 

From all of this we see that there are definite limits to 
the sense of hearing. Tones which are too soft, too loud, too 
low, or too high, will not be heard. Even so, there are a great 
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^ Colby, M. Y., Sound Waves and Acoustics, Henry Holt & Company, Inc., 1938. 

® Beatty, R. T., Hearing in Man and Animals, page 69. London: George Bell & 

Sons, Ltd., 1932. 
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number of distinguishable tones left within these limits. 
Fletcher reports that the total number of simple tones distin¬ 
guishable from each other either by loudness or pitch differences 
or both is over half a million. How many more distinguishable 
complex tones there are, containing anywhere from two to per¬ 
haps forty partials, is left to the imagination. 

Duration Limits and Sensitivity 

Tones which are sustained for a very long time tend to be 

heard incorrectly through fatigue of the hearing mechanism. 

Such fatigue may perhaps even deafen a person temporarily for 
certain pitches. 

Tones which are too short are not heard, or at least are not 
heard suflficiendy well to give the sensation of pitch. The length 
of time necessary to perceive pitch has in the past been variously 
estimated from a tenth of a second down to a thousandth of 
a second, depending partly on the pitch used. Recent experi¬ 
mental work seems to confirm the shorter times, indicating that 
in some cases the pitch of tones of extremely short duration 
may still be rather accurately placed. Professor Gray, of the 
University of Louisiana, has devised equipment to interrupt a 
telephone circuit in such a manner as to permit a very small 
section of a tone to be heard in the telephone receiver. His 
subjects have been able to judge the pitch of tone sections which 
were shorter than a single vibration of the fundamental fre¬ 
quency, doubtless by the aid of the overtone spacing. 

Recendy, Lifshitz has discovered that the apparent duration 
of a sound varies with its loudness. 

Binaurcd Sense 

Another faculty that our ears perform with fair ease is that 
of telling us from what direction a sound comes. This is pos- 
sible because we have tivo czrs-binaural hearing. The nearer 
ear may hear the sound a trifle louder than the other (as in the 
case of higher frequencies, which are not diffracted around the 


214 


HEAKINO 


head as easily as lower frequencies). A more likely explana¬ 
tion with regard to the lower frequencies (up to perhaps looo 
or 1200 cycles), is that the nearer ear hears the sound a trifle 
sooner and therefore somewhat “out of phase” with the other. 
According to Beatty,* “if sound arrives simultaneously at the 
two ears, we ascribe it to a source either directly in front or 
directly behind” (and we sometimes have difficulty in deciding 
whether it is from front or back, unless aided by reflections 
from walls). However, “if it reaches one ear later than the 
other by as little as a ten-thousandth of a second, the source 
is judged to have moved appreciably to one side or the other.” 
In some cases, differences of the order of a hundred-thousandth 
of a second may be perceptible. The degrees of these differ¬ 
ences help to determine the sound as coming from a certain 
direction. Thus, the person who is deaf in one ear is handi¬ 
capped not only in the loudness of sounds heard, but also in 
appreciating their direction. But even in his case, his ear may 
be aided in these judgments by reflections of sounds from walls 
or other objects. 

The illusion of “auditory perspective” in reproduced sound depends 
on the ability of the ear to sense the direction of a sound. The old- 
fashioned stereoscope introduced the illusion of perspective into a 
picture by permitting one to view simultaneously two pictures, each 
with a single eye, photographed from points slightly separated as are 
the human eyes. In a similar way in the field of sound, by using 
two or more microphones and a corresponding number of loud¬ 
speakers, a similar illusion may be created. For example, if orchestral 
music is transmitted by means of three microphones, at right, left, 
and center of the stage, connected separately to three loud-speakers 
at corresponding points on a distant stage, the sound is reconstructed 
in its proper spatial relation. The violins seem to be on the left, since 
they arc heard louder and slighdy sooner from that loud-speaker. If 
a person walks from left to right across the stage while singing, his 
transmitted sounds are heard less and less from the left-hand speaker, 
and more and more from the right-hand one, which gives the hearers 
the exact auditory illusion of his walking across the stage. 

» op. cit., page 155. 
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Naturally, if one’s ears were farther apart than the diameter 
of the head, one could sense the direction of sound with greater 
accuracy. This principle has been used in devices which make 
use of two horns separated by several feet, placed on opposite 
ends of a rotatable bracket, the sounds collected in each horn 
being led by tubes to separate ears. By rotating the bracket 
until the sounds appear equally strong and instantaneous in 
both ears, the direction of a distant airplane motor, for example, 
may be fairly accurately known. The principal error in this 
case, however, is due to the fact that the source has moved 
ahead during the seconds the sound has taken to arrive at 
the horns. If two such stations are in telephonic communica¬ 
tion, they may plot the intersection of their two directions to 
learn fairly accurately the actual position of the sound, as in 
wartime sound ranging in the location of enemy cannon. The 
same prmciple may be responsible for the fact that the ears of 
a grasshopper are found on its forelegs instead of on the nar¬ 
rower head, as has been pointed out by Beatty. 

In the case of complex sounds, our ability to localize them 
may be further aided by the difference in quality at the two 
ears produced by unequal diffraction of the components when 
we axe facing anywhere other than straight toward the sound, 
^hzation may also be aided by the variation in quality that 
depends on the location of the source in its particular environ¬ 
ment as pomted out by Stewart.^'* Thus, in the familiar sur- 
roundmgs of our homes, we can tell which room a sound comes 
from by the character and degree of its associated reverberation. 

Deafness 


When the mdividual’s threshold of hearing is raised above 
normal for any reason, he is to that extent deafened. In a cer- 
^ sense the term may be nsed to apply to the deafening effect 
P^d on all normal listeners by the presence of a high noiL 

P-K M7. x™ V„k, c. V„ Nosmad 
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level around them. The average city dweller is subjected to a 
noise level nearly always at least 30 db above his threshold of 
audibility, unless he pulls blankets over his head. For most of 
his working day this level is never less than 50 db and may 
rise intermittently as high as 90 or more. This is an entirely 
different state of affairs from that which his ancestors, from 
whom he inherited his nervous system, were subjected to. Per¬ 
sons in a boiler factory must speak very loudly to each other 
to be heard above the noise level. They are for the moment 
“deafened” though possessing normal hearing. 

However, the term deafness usually refers to a pathological 
condition of some sort in the hearing mechanism, whether an 
inherited or non-inherited deficiency from birth, or a physio¬ 
logical or neurological deterioration from injury, illness, or 
other cause. It may be caused by injury or degeneration of any 
of the organs from the eardrum to the cochlea and its associ¬ 
ated nerves. Sometimes it is temporary, but usually permanent. 
It may be complete or only partial. Deafness is usually not 
uniform over the pitch range. It may be at the lower end,, the 
upper end, or somewhere between. A person may be quite 
deaf to pitches in a certain limited region, and able to hear 
normally in the remainder of the pitch range. It is a fact that 
nearly all fundamental speech sounds which enable us to under¬ 
stand words have one or more of their “characteristics” in the 
higher frequency regions. This is particularly true of conso¬ 
nants. If a person speaks with every vowel changed to “uh,” 
but pronounces every consonant, he can still be fairly easily 
understood. Therefore, since the characteristic differences in 
speech sounds that make for intelligibility lie in the higher fre¬ 
quencies, the person who is deafened to these higher frequen¬ 
cies is indeed unfortunate. The importance of this region may 
be realized by the fact reported by the Bell Laboratories that 
if all frequencies above 500 are cut out, only 5 per cent of words 
may be luiderstood, even though still loud. The best hear- 
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ing aids are designed to strengthen electrically the particular 
pitch region for which the individual is deafened, applying the 
strengthened^ vibrations to the eardrum via the air in the ear 
canal, as in a telephone, or, in the case of impaired drum or 
ossicles, directly to the mastoid bone behind the ear, whence 
they travel via “bone conduction” to the cochlea. 

Deafness has an important bearing on speech. We learn to 
speak principally through hearing speech sounds from others. 
When deafness comes on, the continual check that hearing nor¬ 
mally imposes on our own speech processes is gone, and speech 
may become progressively more slovenly and “dead” in its 
monotonous and careless intonation. In the case of children 
vvho are congenitally deaf, the learning of speech is extremely 
difficult. When a child of school age becomes gradually deaf, 
ffie mind also may give up its arduous labor in assigning mean¬ 
ings to sounds so imperfectly distinguished from each other, 
unless the teacher is infinitely patient and understanding with 

ffie mdividual case. Many cases of apparent low mentality are 
m reality cases of partial deafness. 


Distortions of Hearing 

Smce the sense of hearing is a psycho-physiological response. 
It IS not only limited to certain ranges but subject to certain 
distortions as well. Throughout the text, mention has been 
made of various of these distortions, such, for example, as the 
distornons and confusion which can occur in pitch judgments 
toward ffie upper and lower extremes of the pitch range, and 

ITLT TT' Mention has 

o been made of the partial deafness resulting from Ions 

«posure to noise such as that of an airplane. In addition to 

. j of a certain pitch may aifcct 

a comtdcrable region of hair cells on either side of the Lt « 

sponstve to that pitch, so that distortions will be notice kr 
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a time in other parts of the pitch scale, some tones being judged 
higher than they are, and others lower. 

Apparently the passage of sound directly t(^ the cochlea 
through the skull in “bone conduction” introduces certain dis¬ 
tortions. Thus, in an individual possessed of normal hearing, a 
vibrating tuning fork heard through the skull bone by clamping 
the teeth on its base, will sometimes appear slightly higher in 
pitch than when heard normally. Also, violinists (whose tones 
may be heard either through the ear canal, membrane, and 
middle ear in the usual way, or by transmission directly to the 
cochlea through the chin rest of the instrument and the bones 
of the chin and head), sometimes complain of the difficulty 
of discriminating pitch, whereas when listening to another 
player they have no such difficulty. Is this difficulty due per¬ 
haps to bone conduction ? A similar thing occurs also with sing¬ 
ers, who often can hear very fine pitch errors in others and yet 
be unaware of making similar or greater ones themselves. 

A type of distortion is produced in the middle ear. The na¬ 
ture of the bones of the middle ear is such that when any pure 
tone louder than a moderately soft intensity is produced, the 
action of these bones is such as to introduce the octave and 
higher harmonics as well. The louder the tone, the greater is 
this type of distortion, and the more prominent become the 
higher harmonics. The effect lessens as the pitch rises. In the 
case of a very loud tone of low or medium pitch, even though 
it may be produced physically by sound waves of pure simple 
harmonic motion, the psychological experience resulting from 
its physiological reception in the cochlea is equivalent to that 
of a fundamental plus a long series of overtones. If it be com¬ 
plex to start with, it is made even more complex in the ear. 
Furthermore, these same bones in the middle ear are sometimes 
the cause of difference tones. All difference tones which cannot 
be found to have any existence in the air (cannot be “picked up” 
by resonators), and which sound as if they were being produced 
inside of our ears, are probably introduced by the mode of vibra- 
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tion of these middle ear bones/^ And this is perhaps why, 
when a poor radio set is unable to transmit frequencies below 
Middle C, for instance, we still seem to hear the low viola and 


’cello tones in their correct octaves, their fundamentals being 
produced by the difference tones between adjacent harmonics. 
The diaphragm of a telephone does not transmit frequencies 
appreciably under 300 cycles, and yet we seem to hear by tele¬ 
phone the fundamental pitch of women’s and men’s voices, which 
lie in the neighborhood of 256 and 128, respectively, the funda¬ 
mentals probably being supplied as difference tones. Thus, if 
a fundamental at 100 had third, fourth, and fifth partials (300 
400, 500), the difference tones introduced by the ear bones, be¬ 


tween 300 and 400, and between 400 and would supply 
a frequency of 100, the same as that of the missing fundamental. 
Also, the difference tone between 300 and 500 would supply a 
frequency at 200, that of the missing octave. Thus, not only are 
strong fundamentals supplied with partials by the structure of 
the ear, but missing fundamentals and other low partials tend 
to be supplied by the ear as difference tones between the par¬ 
tials which are present, provided these latter are truly har¬ 
monic. Radio will not transmit fundamentals of kettledrums 
lying below its cutoff point, because the overtones of drums are 
not harmonic, and would not give difference tones of the same 
frequency as the fundamental. Perhaps the fundamentals of 
the lowest tones of the piano, an instrument which does pro¬ 
duce harmonic overtones, are perceived in part subjectively, 
smce the ratio of the fundamental to the total tone is low even 
m a grand piano. And the acoustic justification for the use of 
difference tones to “fake” 32-foot stops in an organ is to be 
found m this phenomenon. The reality of these subjective tones 
can easily be demonstrated. In an experiment performed at the 
Bell Laboratories, two loud pure tones were sounded in front 
o^an eardrum, and were found to produce at least sixteen sub- 

iMer ear as well as. or plrhaps^tstSd^o^f* ^ thr°Slc”Z- **'5 

the work of Wevcr and Brav. ' example. 
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jective tones, counting harmonics of each single tone as well 
as various difference and summation tones, in the range inves¬ 
tigated (o to 4300). Thus, when sound is electrically amplified 
to much higher levels than originally, the total complex heard 
is considerably changed. The composer and conductor of the 
future may have to consider this. 

Another type of useful distortion, already mentioned else¬ 
where, is the ear’s tendency to hear a single central pitch when 
a group of neighboring pitches are sounded simultaneously (as 
when a number of performers attempt to play or sing in unison), 
or when the vibrato carries the tone rapidly enough back and 
forth over a pitch band. 

Mention should also be made here of the fact that the dif¬ 
ferent members of an audience do not usually hear exacdy the 
same sounds from the stage. This is not due to the physiology 
of the ear, but to the fact that the standing-wave “interference” 
pattern for a certain pitch may cause it to be loud for a hearer 
in one seat, but soft for a hearer as short a distance away as 
the next seat. For another pitch, conditions will be reversed. 
Furthermore, sound is projected from many instruments in con¬ 
siderably different strengths in different directions. Much more 
is sent out in whatever direction the belly of a violin is facing 
than in the direction of the sides. In the case of brass instru¬ 
ments, much more sound energy, especially in the higher fre¬ 
quencies, is sent out in the direction the bell points than in other 
directions. Swaying movements of the performer will then nat¬ 
urally change the loudness of a sustained tone for any certain 
listener, particularly for one near the stage. Still another com¬ 
plication is found in the fact that persons near the stage ex¬ 
perience less distortion from atmospheric absorption of frequen¬ 
cies than do those in the back. According to Mills, these effects 
may be responsible for differences of as much as 30 db be¬ 
tween the sounds heard in different seats. If such differences 
occur between partials, the tone quality is changed, and the 
critic’s difficulties increased. These matters can help to explain 
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the difFerences in reaction to be heard after any concert, entirely 
apart from the fact that one’s hearing ability at various pitches 
—his “audiogram”—is almost sure to be slightly different from 
his neighbor’s. Thus, not only do we differ from each other 
in our aesthetic reactions to a musical performance, but we are 
all likely not even hearing exactly the same thing in the begin¬ 
ning. Music critics might occasionally profit by knowing these 
phenomena of auditorium sound, as well as their own audio- 
grams. 


Analysis of Complex Sounds 


In spite of the various limitations and distortions to which 
the sense of hearing is subject, the normal human ear has a mar¬ 
vellous capacity for analyzing complex soimds. We cannot easily 
say what colors are present in a mixture of many pigments, nor 
what ingredients have been put into a mixture of many flavors, 
but with litde difficulty we can pick out and focus our attention 


successively on different instruments contributing to an orches¬ 
tral ensemble of extreme complexity. Pole has expressed this 
in a striking way: 


The only means the ear has of becoming aware of all these simul¬ 
taneous sounds is by the pecuhar mode of condensation and rarefaction 
of some particles of air at the end of a tube [the ear canal] about the 
size [thickness] of a knitting needle, fornung a single air wave, 
which, though so small, is of such complex structure as to contain in 
itself some element representing every sound going on in the room. 
And yet when this wave meets the nerves, they, ignoring the com¬ 
plexity, single out each individual component element by itself, and 
convey to the mind of the auditor, without any effort on his part, not 
only the notes and tones of every instrument and class of voice in the 
orchestra, but the character of every accidental noise in the room, 
almost as distincdy as if each single sound or noise were heard alone f 


Through past experience we attach meaning to these various 
component vibrations. And we can even do more than this. 

“Pole, 'W^am. The PhHosophy of Music, page 27. New York: Harcourt, Brace 
& Company^ Inc., 1924. 
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With attenuvc Ustcning we can often distinguish certain of the 
^ertones in a complex tone produced by a single instrument. 
However, the ear is usually unable to keep them apart for long. 
They fuse with the fundamental, and we hear one pitch of some 
characteristic quality rather than several simple pitches. 



Elecfronic Recording, Reproducing, 

and Synthesizing of Sound 



Lamitations of Early Phonographs 

In 1877 Edison produced the first phonograph record. His 
apparatus (which was first intended as a scientific instrument) 
consisted essentially of a sound-receiving diaphragm with a 
stylus attached, which made indentations on a tin-foil sheet 
wrapped around a moving cylinder. These indentations copied 
the somd waves of the voice or music being recorded, and al- 
ough they made a very imperfect copy, the sound was intelli- 
pbly reproduced when the stylus was made to retrace the 
indentations. Edison made further improvements and produced 
a commercial machine. Alexander Graham Bell and C. S 
Tainter introduced separate machines for recording and repro^ 

machine was produced, which in¬ 
troduced due records, and in which the movement of the 

iccordmg stylus was from side to side in the groove instead of 
up and down. From then on many attempts were made to 
improve the reproduction. Horns, which were necessary to se¬ 
cure suffiaent volume, mtroduced new problems because of their 
raonances and efforts were made to equalize the resonances of 




a record. If an orchestra was being recorded the players would 
have to sit very close together and play rather loudly into the 
horn of the recording instrument. Modern methods make use 
of electrical recording and electrical reproduction. 


Electronic Recording and Reproduction 

In these methods, the sound to be recorded is picked up elec¬ 
trically by a microphone and amplified thousands of times if 
necessary by means of the type of electron tubes used in radio 
sets. The resulting amplified currents are then applied to the 
record-cutting mechanism, or to the device which “photographs 
the sound” on a moving-picture film. Similar electrical meth¬ 
ods are used for transforming these electrical variations back 
into sound waves, and for amplifying them to any extent de¬ 
sired. Thus in the making of a phonograph record, or of a 
sound picture, the performers no longer need be cramped, nor 
under the necessity of performing loudly, for the softest whisper 
can be caught, and amplified as much as necessary. Great im¬ 
provements in disc record materials, in disc-driving mechanisms, 
in photographic emulsions and techniques, and in microphones 
and amplifiers, have made possible an astonishing fidelity in 
recording and reproducing methods, provided sufi&cient care be 
taken with the loud-speaker. Commercial lateral-cut phono¬ 
graph discs can record sound, according to Mills, from about 
40 to about 5500 cycles, with a practically tmiform response 
from 300 to 5500. Below 300 the response is deliberately weak¬ 
ened in order to save the record grooves from cutting into each 
other, owing to the fact that the amplitudes of low-frequency 
tones are greater than those of high-frequency tones of equal 
acoustic power. At the upper frequencies, also, in the usual com¬ 
mercial record the response is purposely tapered ofi above 4000 
or 4500, in order to reduce “needle scratch.” This characteris¬ 
tic backgrovmd noise, which is most noticeable in the silent por¬ 
tions of a record, results from the practice of mixing an abrasive 
with the material of the disc in order to “grind in” the needle 
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of the reproducing head. The penalizing of higher frequencies 
of course affects the music quality as well as reducing the scratch 
noise. Vertical-cut ( hill-and-dale”) discs of the most recent 
type, such as are used for radio transcriptions and music dis¬ 
tribution systems of the better sort, can record up to 9000, while 
at the same time not being under the necessity of lessening the 
low frequencies. Scratch noise is also reduced, and these rec¬ 
ords can preserve an intensity range of 50 or more decibels. 
Film recording has its own problems of background noise, par¬ 
tially caused by irregularities in the grain of the film emulsion. 
This noise is about 45 db below the peaks of music, however, 
as compared with needle scratch on lateral-cut discs, which is 
only about 30 db below the music. The frequency range which 

can be recorded on film is about as great as that on vertical-cut 
discs. 

It is not necessary to have the intermediate step of pre¬ 
serving the sound impulses on some more or less permanent 
material for future reproduction, such as by a space pattern on 
a wax disc, or by a chemical pattern in a film emulsion. This 
step may be omitted, and the sound immediately reproduced 
m amplified form, either as in a public address system in the 
same room or wired to a distant auditorium, or as in the radio 
where It is transmitted to a distance by radio waves. These 
allied developments have been so greatly improved that the elec¬ 
trical variations delivered, say, to the loud-speaker of a good 
receivmg set from a near-by high-quality broadcasting station 
are a fau-ly accurate copy of the original sound waves, and if the 
station IS transmitting from its own studio and not from a pro- 

pm circuit a frequency range up to 7500 or more and a fair 

intensity range can be transmitted. The trouble here also is in 
this last link, the loud-speaker. 

J-j’tyiitutiofis of LoudSpcu^cTS 

_ Although progress is continually being made, particularly in 
the use of separate units for various pitch ranges, it stUl selms 


226 


ELECTRONIC RECORDING OF SOUND 



almost impossible to build an inexpensive speaker that has, with 
its associated circuits, sufficiently wide frequency and volume 
ranges. An ideal speaker should give a uniform response 
throughout the whole audible pitch range. Practically, how¬ 
ever, a response range from 40 to 15,000 would reproduce every¬ 
thing that could possibly be distinguished by the average listener. 
Many listeners, of course, would be satisfied with even less 
complete reproduction. Reference to Figure 42 will show that 
the very low and very high frequencies must be quite strongly 
produced in an instrument to be audible. In the usual musical 
instruments they are but weakly produced. Thus, a fairly uni¬ 
form range from 60 to, say, 10,000 cycles would be very good 
indeed, the last octave, from 10,000 to 20,000, adding but little. 
It is true that the highest tone commonly used in music has 
a frequency of only 4186, but a higher range than this is neces¬ 
sary to secure faithful reproduction of the overtones that give 
the characteristic musical tone qualities. In addition to such an 
extended pitch range, a large volume range is necessary if we 
are to secure faithful reproduction of all impulsive sounds, such 
as pistol shots, hammering, the slamming of a door, the begin¬ 
ning of piano tones, and so on. Ordinary commercial radios, 
with perhaps circuit limitations as well as speaker limitations, 
cut off at their upper end at from 3000 to 6000 cycles, with a 
few expensive sets going to 8000. Many of them are so limited 
in volume range that the initial percussive phases of loud piano 
tones “rattle” with distortion, although the continuant phases are 
rather soft. The volume range is limited at the lower end by 
radio’s “background noise”—static—and at the upper end by 
loud-speaker limitations and by the fact that radio tubes over¬ 
load and distort their output beyond a certain point. The dif¬ 
ference between these levels is in the best sets as much as 50 db, 
but in most sets only about 30 db, representing a power ratio 
of about 1000 to I. How can such an instrument respond to 
such differences as that between a very soft violin solo and a 
very loud passage of a large orchestra, which, as we have noted 
on page 207, has been found to be a difference of 70 db, repre- 
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senting power difTerences in the ratio of 10,000,000 to i ? Ver¬ 
tical disc recording and film recording, for that matter, will 
only handle ratios from about 30,000 to i, which, however, is 

satisfactory for a program heard in a home or small audi¬ 
torium. 


Limitations in the frequency range not only impair the tone 
quality of music, but may seriously interfere with speech. In 
speech, the lower frequencies are more important in securing 
volume and the higher frequencies in securing clearness of 
speech. If an electrical speaker permits the lower components to 
come through and damps off the treble, voices still sound rather 
natural in loudness and general quality, but the words cannot 
be understood. This effect is increased if we hear it through 
a partition, which usually damps the highs very much more than 
the lows. If the treble is present and the bass lost, the voices 
lose greatly in loudness and naturalness, but are still under¬ 
standable, as in the telephone. This, as has been mentioned in 
e preceding chapter, is because so many of the speech sounds 

have one or more “characteristics” in the higher frequency re- 
gions. 


Another limitation of the electrical speaker, though of less 
importance because of the tolerance of the ear for moderate 
distortions of quality, is the difficulty of building an inexpensive 
mstrument that is free from resonance peaks of its own. Such 
resonance peaks exaggerate certain frequencies out of proportion 
to the rest. When this effect is pronounced, the distortions are 
quite apparent. The tone becomes “tinny” if it is a high that 
IS exaggerated, and dull or “mouthy” if it is a low. These same 
effects will be produced however, respectively, by systems which 
have ^ insufficient response at the low end or at the high end. 

All phases of the reproduction of music, from the micro- 
P^^to the loud-speaker, and including the acoustic conditions 

shoi?i:L^’sound-absorbing materials 
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of both Ac recording and Ac reproducing rooms, have been 


I ♦ X -o .txarv 

^eatly improved, and probably will continue to be, partly 
trough the msistence of moving picture audiences in demand- 
mg better and better reproduction. The theatre with a reputa¬ 
tion for “poor acoustics” loses patronage. However, there is 
no certamty that further improvement will come. The general 
public, which, after all, supports the radio industry direcdy 
or mdirectly, as it does every industry, seems astonishingly satis¬ 
fied by mferior home radios. The majority of radio listeners 
seem to be satisfied with frequency ranges from loo to 3000 or 
4000, and volume ranges between the noise level of hum and the 
peaks of sound of around 30 db or a litde more. Mills ^ says. 
They object to the shrillness of higher frequencies even though 
these exist in the actual music and they prefer the more ‘mellow’ 
tones. That is a serious matter. Thousands of persons are get- 
ting accustomed to music which lacks all naturalness or bril- 

A ^ ^ 


faithful 


don.” The danger here is that the electrical transmission of 
music will be standardized on a low aesthedc level, and the few 
discriminating listeners will be unable to secure the reproduc- 
don they desire. As a matter of fact, many chain program cir¬ 
cuits transmit only 5000 cycles. There is no articulate demand 
for any more from the radio listeners. Thus the better radio 
sets, which transmit from about 50 to 4500 cycles, and have a 
range of about 40 db, reproduce about everything normally 
broadcasted; and there is litde use or advantage for the best sets, 
which handle from about 40 to 8000 cycles with a range of 
about 50 db. The ever-present “tone control” is an indication 
both of the imperfection of the set, which if reproducing cor¬ 
rectly would require no distortion in one direction or another, 
and of the lack of a critical ear on the part of the listening 
public. 


2 Mills, J., A Fugue in Cycles and Bels, page 221. New York, D. Van Nostrand 
Company, Inc., 1935. 
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Electronic Instruments 

In addition to the use of electrical methods for recording 
and rf-producing sound, such methods are now being put to 
use in the creation of sounds. New musical instruments with 
remarkable versatility are being produced. Some of them pro¬ 
duce sound by electrical modification and amplification of the 
tone of some legitimate instrument, or of the tone of a small 
metal reed. Others synthesize new qualities electrically by build¬ 
ing up various overtones in various strengths, and amplifying 
the result, sometimes with further modification. 

Owing in part to their limitations, these instruments are not 
yet being warmly received by musicians in general. Enthusiasm 
for them is scattered, and frequently interspersed with condem¬ 
nation. Some of die limitations are as follows. 

Instruments which synthesize complex tone qualities by 
budding up overtones are often not provided with a sufficient 
number of overtones to give satisfactory complex qualities. All 
electronic instruments are subject to the danger of restricted 
ranges of frequency and volume resulting from circuit and 
spe^er lunitations, as in the case of the electrical phonographs 
and radios described in the preceding section. Furthermore, 
electronic mstruments, strange as it may seem, are sometimes too 
perfect. Aesthetically, we seem to get more pleasure out of tones 
which are not too precisely in tune, nor too abruptly com¬ 
menced or stopped, nor having too perfect a vibrato. In an 
ensemble, a “pitch fringe” is desirable around the true pitch; so 
also an agogic fringe” around the true beat instant. And in 
ffie case of the vibrato, an “irregular regularity” is far more 
desirable than an exact regularity, which, as in the case of the 
org^ trei^lo, for example, sometimes becomes unbearable after 


The 


imdar variations from the true or exact, stems from the 
thetic prmciple of uncertainty, and is similar to the charm 
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experience from a charcoal drawing as compared with the ex¬ 
actness of a photograph. 

Since it has become possible to amplify loud-speaker sound 
without limit, it is necessary to be aware of, and, if necessary, to 
guard against such distortions of pitch and tone quality as are 
produced at such intensities, as discussed on pages 21 and 2i7ff. 

Undoubtedly these electronic instruments will be continually 
improved, however, and may even in the future displace some 
of our present instruments, particularly if a great composer 
arises to write a great literature in their own particular idiom. 
And to offset their disadvantages, they have certain definite ad¬ 
vantages. For example, one of the most popular electronic or¬ 
gans cannot get out of tune, is easily portable, and yet can 
produce very low tones without the need of expensive, long, 
heavy pipes, which now carry so much of the cost of organ 
building. It is no criticism at all to say that the sounds of high- 
qucdity systems for the electrical creation or reproduction of 
music are unmusical because they are “phonographic” or “me¬ 
chanical.” We know rather accurately beyond just what ranges 
of intensity and pitch the ear is incapable of hearing or dis¬ 
criminating, and apparatus can be built and has been budt, al¬ 
though expensive, which will completely reproduce these ranges, 
so that the finest musicians’ ears can be completely deceived as 
to whether the music is “real,” “canned. 


” or “ 


synthetic.” 


Certainly these developments should be considered in a tol¬ 
erant light. Sneers for the scientist have been popular among 
musicians ever since the beginning. Every advance in the me¬ 
chanics of a musical instrument has probably been met by a 
storm of protest. But progress comes sooner through coopera¬ 
tion than otherwise. The question should not be, “Who dares 
thus to defile Art ?”, but, “What values do the various electrical 
methods for creating sound have for the future of music 
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Harmonic series, 7, 9, 90, 91, 95, 98, 113- 
117, 122, 123, 141. 163-168, 177, 
187, 188, 193, 194, 201 
Harmonics, 90-95, 97-100 aiso Par- 

cials, harmonic) 

Harp, 37, 94, 97, 100, X03 
**Head roister,** 147 


analyas of comptea sounds, 221, 222 
bone conduction in, 45, 217, 2x8 
distortions in, 187, 217-221, 230 
duration limits and sensitivity, 2x3 
loudness limits and sensidvity, 35, 203- 


mechanism, 47, 62, 146, r99-2( 
pitch limits and sensinvity, 194, 
208, 209, 2X1 

Helmholtz resonator, 38, 53 
Hayghens* principle, 77 


Inharmonics Oee Pardals, inharmonic) 
Instxuments, electronic, 229, 230 
Insulation, sound, 72-74 , 

Intensity, 2Z, 69, 203-^2, 225, 230 


Intervals, 8, 9, 83, 94, zx8, Z62-X95 
Intonadon: 

just (true), 172-196 

P3rthagoreaD (zee Pythagoredn intnna- 
don) 

Italian opera, 76 


Just (true) intonadon. 


CM fame, 70 

7. 86 » 9 a« 

12V. 129. 131. iss 

Mi. 9,. 19.22, .as, 7 
113 » 1 S 7 . 143 . 20. 


ait-tis. 


72. 99 * 98^ sa« 


hoodness Hmits and seandv^^ in 


IxNid-q>eakcrs, 41, 127, 2x4, 224-230 
Lyd&on mode, 170, 171, 173, 174, 176 ( 
nho J^fthagoraati intnnadnn) 


Magadizing, 164 

Mcantone tuning, x8x, 185 

Membranes, 130, 131 

Middle C, 6, 7, 9, 17, 22, 44. loa. 

121, 125, 173, 203, 209, 219 
Minor mode, 177, 178 
Mixture stops, 13, 194 
Mode; 

diuirch, 170, 171 
Greek, 170, 171, 177 
Lydian (zee Lydian mode) 
minor, 177, 178 
Momentum, 3, 85, 105 
Music; 

chamber, 69, 72, 76, 185 
liturgical, 70 

Wagnerian, 76 . . 

Mute, 96, 97, 124 


*» 7 i 






Natufal period, % 102, 109, Z20 - • 

Hcedle s cra tc h , 224, 225 , 

Mode, 7, XI, 86, 90-92, 97, 

xxx-ix 3 > 1 * 3 . 130-138, 138 ■' 
Noise, 14, 15, 20, 130, 159-262,007 
e0ect on .hcairfr, x6i, 162, 

Hesse elements in all instnimeats^ ac6^.2(kt 

O 

Oboe, 12, 19, 52, 1*0, 113, lzSb aMk 3 »^ 


■■■ 


34. 41 


204, ao|^ 214^:^^ 




I 3 i 

70. 


ae^ 76 


25. 3% s 

r6* da^ 


- *• ■ 

S 8 «t- 54 . ^ 
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Organum, 164 
Oscillograph, 47*5*> 59 
Ossicles, 200, 217-219 
Overblowing, 114, 115, 122, 126, 127 
Overtones, 7-9, 99, 100, 115, 117, 118, 
122, 130, 131, 141, 144, 201-203, 
210, 211, 218, 222, 226, 229 (xee 
also Partials) 


harmonic, 7-9, ii, 48-51. 53. 54. 87-95, 

97- 100, 112-118, 121-123, 126, 127, 
166, 167, 174-176, 194, 219 

inharmonic, ii, 15, 51, 98, 129-139, 
141, 160 

Peabody Conservatory 06 Music, 73, 145 

Percussion, 129-139, 160 

Period, 33 {see also Natural period) 

Phase, 54, 57, 214 

Phonograph, 47, 52, 127, 223, 224, 229, 
230 

Piano, 9-11, 14, 15, 45, 54, 89-91, 94-96, 

98- 100, 103, 160, 181, 185, 189, 
196, 197, 204, 205, 209, 219, 226 

tuning, 21, 192-195 
Pipe organ {see Organ, pipe) 

Pipes: 

open, 111-115, 117, 118, 121, 124-126 
“scale” of, 115, 122-124, 127 
stopped, 107, 111-115, 117, 118, 122, 
I24-127 

Pitch, 6, 19-21, 23-25, 60, 78, 83, 94, 95, 
102, 112, 116-123, *30. 132-134, 

136, 137. 143. 159. 186, 187, 190- 

193. 198, 201-203, 207, 213, 216- 
222, 225, 226, 230 
nomenclature, 9, 121 
Pitch fringe, 24, 190, 229 
Pitch limits and sensitivity, in hearing, 194, 
201-203, 208, 209, 211 
Plates, 134, 135 
Plucked strings, 87, 88, 92, 97 
Pressure amplitude, 33 
Pythagorean intonation, 170, 171, 173, 174, 
*76, 183, 186, 187, 189, 191 

R 

Radio, 207, 219, 225, 226, 228, 229 
Rarefaction, 30-32, 47. 48. 51, 52. 54-58, 

IO4-IO7, III 

Recording, 46-53, 223-225, 227, 228 
Reed organ, iii, 129 

Reeds, 110, m, 115, 117-120, 124-126, 
128, 129, 141, 142, 161, 229 


Reflection, 63-76, 104-106, 109, in, 214 
Refraction, 79-82 

Reinforcement, 37-39, 89, 96, 97, 100, 109, 
124, 131, 132, 134, 135 
Reproduction of sound, 223-230 
Resonance, ii, 14, 27, 28, 37-39. 60, 61, 
74, 102, 109, no, X18, 122, 128, 
141-145, 148, 152-154, 157, 159. 
223, 227 

Reverberation, 25, 67-72, 74-76, 215 
Reverberation time, 69-72, 74-76, 227 
Rods, 131-133 

S 

Saxophone, 115, 129 
Scale: 

chromatic, x8o 
diatonic, 167-179 
Silent zones, 82 

Simple harmonic motion, 4, 5, 13, 49, 51, 

87 

Sine curve, 5, 49, 133, 142 
Sound defined, 2 
Sound insulation, 72-74 
Sound pictures, 224 
Sound shadows, 77, 78 
Sound waves: 

in various media, 44-46 
over great distances, 41-43 
velocity, 30, 39-41, 44, 79-81, 107, 118, 
119 

Sounds, analysis of complex, 221, 222 
Speech, 68-70, 146, 156-159, 216, 217, 227 
Standing waves: 

comprcssional, 104-107, 109, 118, 220 
transverse, 86, 92-94, 104, 132 
Stretched strings, 15, 85-103 

String quartet, 69 {see also Chamber 
music) 

Struck strings, 89, 90, 92, 97 

Subjective tones, 218-220 

Subsonics, 202, 203 

Summation tones, 63, 220 

Superposition, 54-56, 86. 94, 104, 105, ixi 

Supersonics, 202, 203 

Sympathetic vibration, 27, 96 

T 

Temperament: 

equal, 174, 181-196 
need for, 179-181 
Tctrachord, 169, 170 
Threshold: 

of audibility, 204, 206-212, 215 
of feeling or pain, 204, 207, 208, 211 
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.. 


ronalitjr, 170. iTT-iSn. igC-tgS 

Tone qualiqr. la-ai. 34.36, jn. 9«f«a. 

U«* 133 . 135. 137, I 3 «. > 43 * 149 . 
a 36 'a 90 

Tonct: 

Aeolian. io8 
beat. 61, 63 

deference, 61-63, ai8-aao 
duration Duradon of mica) 
e«|ge, 107-109, laa, jz4 
subjective, atS-aao 
siunination, 63, aao 
Torsional vibration, 89, 94, 133 
Traveling waves, 85-88, 104 
Txemolo, 35, a6, 70, 144, 153, 339 
*lVcmulant, 35 (ore mUa Tremolo) 
Triangle, 139 

IVom^nc, 9, 115, 117, 139 , 304 
True intonation {_see fust intonation) 
Thimpet, 134, 139, 304 
Tuba, 41, 129 
'Hining: 

meantonc, 181, 185 
piano {_see f^ano) 

•nming fork, 5, 13, 15, 18. 28, 57-59. 74. 

138, 133, 139, 318 
IVinpani, 131, 139, 160, 219 
Tympanic membrane, 199 


Una eorda, 96, 97 


Valves, 115-1x7 

Velocity of sound (see Sound waves^ ve¬ 
locity) 

Vertical cut discs, 225, 237 
Vibration: 

complex, 10, 12, 13, 48-51. 136 
damped, 127, 128, 131 
defined, 3 

sympathedc, 27, 96 (see dso ReaonKQCc^ 
mrsional, 8519 94, 132 
Vibration form, 12, 14^ 15, 151-23, 53* 

90-94. 9^» 98. 114. 134 , 130. 

138, ifo 


^ ^ «8i^ «97» 

t 03 , S 19 

8^ S4» 6n, tfc ft, fi, 

•» *m »6y. «•». 

*87. iifc iff. 804, oof, Mf, Sit, 


Violin A (A-440), 6, 44, 4f, tifc 133, 

> 73 « if 9 

Vioinnwflo b 96-103, aif 
Vocal ai^ no, 140-144, 

ISO. IS 9 

Voie^ 15, 19, 83 - 34 , J6, ljf-iS9b iSf, 
804, aiS 

physiological and inyrlMih^fcl 

14^155 

^ V fao rmm t,** 140^ 143, 143^ 193^ 

153. >S6 

Voix edestfe, 60, 61 

Vowels, 14, tS, 33. 141. 145, 146, 132, 

156-159, ai 6 , 827 


Wagnerian muric, 76 
Water waves, aS, 29 
Wave-length. 43, 44, 64. 78. 7 
iia, laz 
Wave motian: 

conqiresrianal O^mp^iudlnal), 

46, 48-51 

transvere^ 28, as», 46 
Waves: 

ail. 33 . 5 *|f 55 
aound (set Sound waves) 
traveling, 85-88, 104 
water, 28, 39 
Weber-Fechner law, aog 
Wbispoing, 159 
Wbiqiering galleries, 6^ 67 
Wind gradieiits, 80-83 
Wind pressure, K09, gag, 

126, 12^ 143 
Wolf not^ 103 
Wood winds, 15, 115-CX7, 

X 

^l<mlion& 139. ssf 


^ irt.A. 
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